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PREFACE 


The author of a book on electricity must decide from the 
first whether his approach is mainly mathematical or physical; 
efforts at a satisfactory synthesis of the two have not hitherto 
proved very successful. The present book is intended to 
outline from the very beginning a consistent mathematical 
account of the phenomena of electricity and magnetism. In 
many respects the field covered is similar to that of Maxwell’s 
classical Treatise on Electricity and Magnetism . The present 
book differs from his in being much shorter, in assuming a 
working knowledge of vector notation, and in making use 
where necessary of the atomic viewpoint of modem physics. 
The introduction of an atomic viewpoint is made possible 
by the fact that most students are now familiar with the main 
outline of atomic theory : it is also desirable since a habit of 
thinking in atomic terms and relating atomic behaviour to 
macroscopic phenomena should be encouraged as soon as 
possible. 

The insistence that electrical phenomena have their origin 
in atomic properties leads to one important change from the 
usual: the theory of magnetism is developed entirely 
independently of the notion of magnetic poles. Since the 
basis of all magnetism is some form of atomic current, it is 
wiser to develop the theory of magnetism from the known 
laws of interaction of currents ; there is no need to introduce 
the postulate of magnetio poles, except for pictorial purposes. 
Indeed, since an isolated magnetic pole does not exist, the 
consistency of the argument is improved if no reference is 
made to any hypothetical law of force between such entities. 

On grounds of space it has been necessary to omit certain 
items : in particular there are very few details given of the 
experiments which are needed to test the theory at important 
points; nor is there any account of applied electricity, such 
as dynamos, motors, influenoe-maohines, post-office boxes, 
etc. These may all be found in any standard physical 
text-book. The theory of the earth’s magnetism has been 
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only lightly touched upon, and electrolysis has been com¬ 
pletely omitted, for this, like the theory of electrons, belongs 
more properly to the field of quantum theory, and is outside 
the range of this book. But with these omissions, an attempt 
has been made to build a self-consistent mathematical theory, 
introducing as few postulates as possible, and capable of 
explaining all the more familiar phenomena of electrostatics, 
magnetism and electrodynamics. 

A word is necessary in the matter of units. These nearly 
always cause the student a lot of trouble, and experience 
has shown that the use of practical units from start to finish 
does not make the fundamental ideas any clearer. For these 
reasons the discussion of units and dimensions has been 
deferred to a final chapter, and very little direct reference 
to them, except in the broad distinction between the electro¬ 
magnetic and electrostatic systems, is made in the main body 
of the text. 

No-one really understands any branch of mathematics 
until he has worked a good many examples in it. Accordingly 
there are examples, many of them embodying important 
results, at the end of each chapter. An average student 
should be able to solve at least half of these, though in some 
of the others he would require help. 

It is a pleasure to acknowledge the guidance that I have 
received from Professor E. T. Copson, and Dr G. S. Rush- 
brooke, who have enabled me to remove some errors and have 
pointed out several obscurities : to them, and to my wife 
who has helped me with the preparation of the manuscript, 
I offer my grateful thanks. 

Yet this book would be incomplete without a reference 
to my former teacher, Mr E. Cunningham, of St John’s College, 
Cambridge, who first showed me how beautifully vector 
methods fitted the subject of electricity. Much of what is 
best in this account must be attributed, directly or indirectly, 
to his influence. 

King’s College, London 
January , 1948 
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CHAPTER I 


PRELIMINARY SURVEY 

§1. Electrostatics 

The fact that a piece of amber, when rubbed, will attract 
small particles of matter, was known 2500 years ago by 
Thales of Miletus (640-548 B.O.). From this simple experi¬ 
mental fact has developed the whole science of electrostatics, 
that is, the properties of electricity at rest. Indeed, the 
very word electricity is derived from the Greek word for 
amber. During the years since Thales, and especially in the 
last 150 years, more experimental knowledge has been 
accumulated. This knowledge has seldom been obtained in 
the most systematic order; so our best policy in this book 
will not be to report the various experiments stage by stage 
as they were first made, but rather to start with a general 
survey of our present knowledge. In later chapters we shall 
from time to time briefly refer to the crucial experiments 
needed to establish or confirm each particular point of the 
theory. 

We know now that electricity consists of two kinds— 
positive and negative charges. Like charges repel each 
other, but opposite oharges attract. If it were not for this 
latter fact our material universe would not hold together 
at all. The smallest negative charge which it is possible 
to obtain is that of the ordinary electron, discovered and 
measured for the first time by J. J. Thomson in 1897. The 
smallest positive charge has the same numerical value, and 
is found on the proton; the same charge exists on the 
positive electron, a much lighter particle than the proton, 
but this particle is not stable and we shall not need to discuss 
i A 
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it. All charges are integral multiples of these fundamental 
units; but each unit is so very small that in any common 
electrical measurement the discreteness of electric charge will 
not affect us, and we may suppose that a given charge may 
be allowed any arbitrary numerical value. The smallness 
of the electronic unit in relation to ordinary measurements 
may be shown by the fact that in a 60-watt lamp at 200 volts 
approximately 2 xl 0 18 electronic units of charge flow along 
the filament per second. The masses of the electron and 
proton are extremely small, that of the electron being about 
9 x 10-28 grams: the proton is about 1837 times as heavy. 
Neither the electron nor the proton is a strict mathematical 
point. One of the most important of the unsolved problems 
of electricity is the precise nature and size of these elementary 
particles ; it is usual to assign a radius to them of the order 
of 10 ~ 13 cms. Since we cannot measure any distances as 
small as this, it will be quite in order for us to regard our 
charges as points, and we shall therefore refer, when necessary, 
to point charges. 

Matter, as we understand it, consists of atoms: that is, 
of positive and negative charges associated together in small 
structures of about 10 “ 8 cms. diameter. The positive charge 
rests on the heavy part, or nucleus, of each atom, and the 
negative charge is in the form of electrons that move round 
the nucleus in much the same way as planets round the sun. 
The precise manner in which this motion takes place need 
not concern us, and belongs to atomic theory. All that we 
need to know is that their motion can be somewhat changed, 
so that the atom becomes distorted, if the right kind of 
external force is applied. Normal matter consists of neutral 
atoms, i.e. atoms in which there is no excess of positive or 
negative charge. In 1 c.c. of an ordinary solid there are 
about 10 28 such atoms. (In diamond, for example, the 
number is 4xl0 23 .) But some of the atoms may have too 
few, or too many, electrons to balance the positive nucleus, 
and then we have net positive or net negative charges present. 
A study of the forces that these exert on each other, or on 
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any neutral matter that may be present, forms the content 
of Chapters II-IV ; this may be said to represent the science 
of electrostatics proper. 

But this brings us to an important distinction. In the 
theory of electricity, in contrast with atomic physics, we are 
not primarily concerned with the forces exerted by one atom, 
or one electron, on another atom, since the forces and distances 
involved are far too small for us to measure individually in 
the laboratory. It is rather with the bulk effect, in which 
a large number of electrons and atoms are involved, that we 
shall be concerned. Thus if the smallest mass we can 
conveniently measure is taken to be ,V milligram, this would 
represent no less than 10 23 electrons, or between 10 18 and 10 20 
atoms, depending on the substance we are using. The 
distinction that we are making is between the microscopic 
and macroscopic points of view. In the microscopic point 
of view we deal with individual atoms and electrons, which 
are the field of atomic physics and quantum theory. In the 
macroscopic point of view we average these forces over the 
large number of atoms in a tiny measurable volume ; for that 
purpose it is often quite fair to neglect the peculiar individual 
atomic and inter-atomic effects revealed in a microscopic 
survey. For example, just as we referred earlier to point- 
charges, thereby neglecting the internal structure of an 
electron or proton, so also for many purposes we shall neglect 
the atomicity, or “ grandness,” of matter itself. 

‘ The question will now be asked: if we are not to take 
into account this detailed structure of matter, but are to use 
averages in which we have effectively smoothed it out to 
become homogeneous and continuous, what is the advantage 
of introducing the microscopic, or atomic, point of view at 
all ? The answer is twofold. First, the microscopic view¬ 
point throws light on the fundamental physical processes; 
this enables us to view our subject as one whole and means 
that we shall not have to introduce from time to time 
apparently unrelated physical assumptions, for we shall 
see how our macroscopic equations arise quite naturally 
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from simple microscopic properties of the atom and the 
electron. This is particularly important (see § 3) in discussing 
the relation between electric currents and magnetism. 
Secondly, the microscopic point of view prepares us for the 
more intimate detailed study of these atomic processes which 
is necessary if we are to understand fully the nature of our 
physical world. 


§2. Electric currents 

The study of electrostatics, or charges at rest, leads 
naturally to a study of electric currents, or charges in motion. 
The current may be caused by movement either of the positive 
or negative charges, or of both. Thus in a discharge tube 
positive ions (that is, atoms with an excess of positive charge) 
move in one direction, and electrons carrying a negative 
charge move in the opposite direction. It is possible by 
bending the beams magnetically to separate the two, and 
obtain a current composed solely of positive or negative 
charge. On the other hand, in metals, such as a copper 
wire, the charge is carried entirely by electrons. It makes 
no difference to our formulation of the laws of current flow, 
as we develop it in Chapter V, which type of carrier is 
bearing the charge, for in all cases the current is measured 
by the rate at which the charge flows, i.e. the net amount 
crossing unit area in unit time. The direction of the current 
is the direction in which the mean drift, or flow, of charge 
v is taking place. 

The distinction which we made in § 1 between micro¬ 
scopic and macroscopic measurement is important here. 
For on the microscopic point of view the charges are moving 
in all directions with all possible speeds ; but on the macro¬ 
scopic point of view, in which we consider merely the average 
motion of the charges within a very small volume, we 
determine a mean drift velocity, the magnitude and direction 
of which measure the electric current. The situation is 
rather like the flow of gas down a tube. According to the 



PRELIMINARY SURVEY 


5 


Kinetic Theory, the various particles of gas have all possible 
velocities in all directions; but the mean velocity lies along 
the direction of the tube, and for most purposes we may 
forget the random distribution of velocities and suppose 
that each particle of gas has, in fact, this mean “ drift ” 
velocity of flow down the tube. 

For purposes of discussing the flow of current all substances 
may be placed in one of two categories—insulators and 
conductors. An insulator (e.g. amber, glass, shellac) is a 
substance in which it is practically impossible to cause any 
current to flow. The explanation is simple, for in these 
substances all the negative charges (or electrons) are firmly 
attached to corresponding positive charges. As we cannot 
easily separate them it follows that no net flow of charge can 
take place. A conductor, on the other hand, is a substance 
in which a certain number of electrons (or negative charges) 
are easily separated from their associated positive charges, 
and one or both can move under the influence of a force of 
the right kind. Thus in metals, such as copper or tungsten, 
there are a certain number of electrons, called metallic, 
or free, or conduction electrons, which are able to flow 
freely through the material and give rise to the current, 
while the positive charges remain fixed. But in electrolytes, 
such as the dilute sulphuric acid in an ordinary accumulator, 
each particle, or molecule, of electrolyte spontaneously 
separates into positively and negatively charged parts which 
can move independently of each other. In the case of sul¬ 
phuric acid, protons move in one direction carrying a positive 
charge, and sulphate ions move in the opposite direction 
carrying a negative charge; the total current is the sum of 
these two separate currents. 

§ 3. Magnetism 

We have seen that a current may be measured by the 
quantity of charge flowing in unit time. This counting of 
oharge, which is made with an electrometer, provides us with 
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an electrostatic measure of current, and the result would 
naturally be expressed in electrostatic units, generally 
abbreviated to e.s.u. ; we shall have more to say about 
these units later. But there is another entirely different 
way of measuring current; for when charges are flowing 
we discover a whole series of new phenomena, to which we 
give the name magnetism. In actual practice it is these 
magnetic, or more properly electromagnetic, effects that are 
most commonly used to measure currents, and in such cases 
our result will be expressed in electromagnetic units and written 
e.m.u. The same current may be measured in both units, and 
the relation between them, or, which is the same, the ratio of 
the corresponding units, is a matter of prime importance. We 
shall see in Chapter XIII how Maxwell was able to use its 
known value to show that light waves were essentially an 
electromagnetic phenomenon. 

These magnetic effects, however, had been known in 
another connection for a very long time. Thus Lucretius 
mentions that certain mineral ores such as loadstone have 
the power of attracting small pieces of iron placed near 
them, and one of the earliest attempts at a perpetual motion 
machine makes use of this attraction. These forces were 
called magnetic forces, and the attracting materials were 
called permanent magnets. From this beginning there 
developed, quite independently of electrostatics, the science 
of magnetism, the study of which gained great importance 
when it was realised that the earth itself behaved like a 
large permanent magnet. It was the discovery of Oersted 
(1820) and Faraday (1831), that the same magnetic effects 
are produced by currents as by permanent magnets, which 
related the two hitherto distinct sciences. If electric currents 
are able to produce the same effects as permanent magnets 
it is natural to enquire whether the so-called permanent 
magnetism may not be due to currents of some form or other ; 
and indeed it was not long before Ampfere proposed the 
hypothesis that each elementary constituent of matter 
(as we should say, each atom) was really a minute electric 
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current. This hypothesis is now accepted. If we go back 
to our earlier discussion of the atom we can soon see how 
this comes about, and what is the nature of Ampere’s minute 
currents. We have seen that in an atom electrons move 
in orbits round the central nucleus ; we have also seen that 
when charges move there is an electric current flowing. 
Combining these two facts it follows that in each atom there 
are indeed tiny electric currents. It may happen—and in 
fact very often does—that in each atom there are pairs of 
electrons moving in opposite directions, and in such a case 
the atomic currents cancel so that the atom is not a permanent 
magnet. It may equally well happen that although each 
atom is itself magnetic, these magnets are arranged in a 
given block of material in random directions; then again 
the substance is not a permanent magnet. But it may be 
that a majority of these tiny currents are oriented in the 
same direction, and then we do have a permanent magnet. 
In the case of substances which are not permanent magnets 
it is possible, by using the right kind of force, to alter the 
orbits of the electrons and in this way we may induce a 
temporary magnetism which vanishes when the disturbing 
force is removed. This is the phenomenon of induced 
magnetism. Thus the difference between substances which 
are or are not permanent magnets is not that they are made 
of essentially different material, but rather that with 
permanent magnets we have no way (or at any rate no 
simple way) of destroying the co-operative effect of the 
separate atoms, whereas with non-permanent magnets this 
co-operation is solely the result of forces exerted from outside, 
and automatically disappears when the force is removed.* 
Our study of the magnetic effects of currents and the 

* We have spoken of an electron in its orbit as being equivalent to 
a minute current. But there is another type of current, known to atomic 
physicists as spin, e.g. electron-spin or nuclear-spin, which we have 
not mentioned. It is good enough for our purposes to regard this as 
a flow of current inside a single electron or nucleus, giving rise to 
magnetic effects which may or may not average out to zero, similarly 
tQ the electron orbits previously described, 
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properties of permanent magnets occupies Chapters VI-VIII. 
In olden days, following the historical sequence that we have 
already indicated, it was usual to develop the subject of 
magnetism quite separately from electrostatics, starting 
from the existence of permanent magnets. The two subjects 
were finally united through the phenomena of electro¬ 
magnetism, rather in the way that the lintel of a door rests 
upon and links together the two door-posts. But we shall 
find it best to proceed from the electrostatic properties of 
currents to their electromagnetic properties, and this will 
then lead us naturally to our discussion of permanent 
magnetism. The great advantage of such a procedure is that 
every part of our scheme is immediately related to and 
follows from our knowledge of the structure of the atom, as 
we have indicated earlier in this section. 

It turns out that there is a close parallelism between the 
laws of electrostatics and magnetism, so that the same type 
of mathematical analysis can be employed to solve problems 
in either field. We therefore break off, in Chapters IX and X, 
to discuss in detail a selected number of such problems, 
and to illustrate the technique required in their solution. 


§ 4. Electrodynamics 

We have so far been mainly concerned with steady currents. 
When currents do not remain constant we have to distinguish 
two cases, depending on whether the change is slow (known 
as quasi-steady currents) or rapid. In the first of these, 
associated particularly with Lenz and Faraday, we discover 
that if by any means we try to change the current flowing 
in any circuit then our apparatus behaves as if it were trying 
to prevent such change, i.e. it sets up new systems of currents 
whose effect, by themselves, is to counteract the original 
change. This is the phenomenon of electromagnetic 
induction which, in its developed form, underlies all the 
construction of dynamos, transformers and electric motors. 
Chapter XI is devoted to a study of these quasi-steady 
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currents in general terms. Chapter XII outlines some of the 
extremely important applications of induction in the alter¬ 
nating current theory of electrical circuits. This is part of 
the whole field of wireless telegraphy. 

We have by this time brought most of the common 
electric effects within the power of our equations, but not 
all. It was the peculiar genius of Maxwell that he recognised 
a previous omission. We have seen that under certain 
circumstances an atom may be deformed so that the positive 
and negative charges are slightly separated. While this 
separation is taking place there is a very small flow of charge, 
i.e. a small current. If the change is extremely rapid and 
the negative charge fluctuates from one side to the other 
of the positive charge then an oscillating current may be 
said to flow. This is one part of Maxwell’s Displacement 
Current, and we shall see in Chapter XIII that although for 
quasi-steady or steady systems this new term is not effective, 
for sufficiently rapidly varying currents it often becomes 
dominant. When it is included we are led to formulate the 
general equations of the electromagnetic field, usually known 
as Maxwell’s Equations. It is upon these equations that all 
later development rests. These equations show for the first 
time the possibility of electromagnetic waves, and by 
comparison with the velocity of light we infer that light 
itself is an electromagnetic phenomenon. A whole new 
field of experience, including such diverse phenomena as the 
laws of reflection and refraction and the energy radiated 
from aerials is brought within our scope. The equations 
themselves reveal a surprising symmetry with respect to 
electrostatic and magnetic effects. We have seen that 
electric charges in motion produce the same effect as magnets 
at rest; it now appears that magnets in motion produoe 
the same result as charges at rest. The link between electro¬ 
statics and magnetism is not only that the mathematical 
technique is the same for both; rather this latter fact is itself 
the expression of an organio unity—they are both parts of 
the complete study of electrodynamics. 
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This is about as far as our macroscopic theories can 
profitably carry us. Further progress depends upon a more 
detailed study of microscopic, or atomic, properties. Such 
studies have been made, but they introduce us to two 
essentially new ideas—the quantum theory and the wave 
nature of matter. As such they are outside the scope of 
this book. 



CHAPTER II 


ELECTROSTATICS 


§ 5. Law of Force 

The study of electrostatics is based primarily upon the 
experiments of Cavendish using a charged sphere, and of 
Coulomb using a torsion balance. These show that if two 
charges e l and e 2 are a distance r apart in vacuo the force 
between them is proportional to c 1 c 2 /r 2 . If the charges are 
of like sign the force is repulsive ; if different, it is attractive. 
This is known as the Electrostatic Inverse Square Law. 

It is impossible to prove that the law of force is exactly 
that of the inverse square. The original experiments of 
Cavendish showed that if the force was proportional to l/r w , 
then n lay between 2 i 0*02. Recent researches show us that 
n lies between 2 ± 10~ 9 . We may therefore use the inverse 
square law with complete confidence, provided that we do 
not apply it in conditions where the dimensions differ 
essentially from those under which it has been determined. 
At distances comparable with the radius of the electron 
(10~ 18 cms.) we cannot be sure that the law will still hold. 
Since our interest lies in macroscopic rather than microscopic 
electrical properties, we shall be safe in accepting the validity 
of the law throughout this book. 

The c.g.s. electrostatic unit of charge (e.s.u.) is defined 
to be such that the force is exactly equal to e x c % \i* dynes 
when r is measured in cms. Two unit charges repel 
each other with a force of 1 dyne at a distance of 1 cm. 
in vacuo . The question of the foroe in other media is left 
till Chapter IV. 

IT 
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§ 6. Potential and field for a single charge 

If a unit charge is placed at some point P in the presence 
of a series of given fixed charges, it will in general experience 
a force. This force is defined to be the electrostatic field, 
or simply the electric field, at P. Since it has magnitude 
as well as direction the field is a vector quantity, denoted by 
E,* with components E Xi E yi E z . The field E is of course 
quite independent of the unit charge at P, which is simply 
used to test and measure it. 

Coulomb’s law enables us to calculate the electric field 
due to a single point charge e at 0 (Fig. 1). For if OP = r, 
a unit charge at P will experience a force e/r 2 along the line 
OP. The field at P is therefore of magnitude e/r 2 and in the 
direction OP. If r denotes the vector OP, we can write 



Now let us suppose that the unit test charge is moved from 
A to B (Fig. 2) still under the influence of the fixed charge 



Fig. 1 



e at 0. Let us calculate the work that is done in this process. 
In going a distance ds from P to Q the field exerts a force 
E, and therefore does work 

_ . e n e dr 

E.ds = -<focos0=—, 


♦ Clarendon type will always be used to denote vector quantities. 
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where 6 is the angle between OP and PQ. The total work 
done by the field in moving the charge from A to B is therefore 

C B e dr __ e e 
) a "f* ~r A ~ r B ' 

It is often more convenient to think of the work we do 
against the field rather than of the work done by the field. 
Thus 

6 6 

work we do = —work done by field =-. (2) 

r B r A 

Notice that this depends only on the positions of A and B 
and not on the path connecting them. ML paths from A to B 
involve us in the same expenditure of work. If this were not 
so, and there was a certain path 1 which involved us in 
doing less work than another path 2, then by going out 
along 1 and back along 2 we should recover more work 
along 2 than we had expended along 1. By continuing this 
process we could obtain an indefinite amount of work or 
energy. We know that this is impossible in all natural 
phenomena, in which the fields of force are said to be 
conservative. 

The quantity occurring on the right of equation (2) is 
called the difference of potential between A and B, 
and is written V B —V A . Thus the difference of potential 
between two points represents the work we have to do to 
move a unit test charge from the one to the other. We 
generally define the absolute value of the potential at a 
point by the condition that if A is at infinity V A = 0. V B 
then represents the work we do in bringing unit charge from 
infinity to B. From (2) we see that V B = e/r B . Dropping 
the suffixes we may write for the potential due to a charge e : 

V *=5 e/r.(3) 

If our test charge has magnitude e' instead of unity, 
Coulomb’s law shows that the force on it is merely multiplied 
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by e'; therefore the work we do from A to B is also multiplied 
by e', and may be written : 

Work we do from A to B = e' (V B —V A ). . . (4) 

We can obtain a very important formula by considering 
the difference of potential dV between P and Q in Fig. 2. 
Thus 

dV=V Q -V P 

= work we do on unit charge from P to Q 
= —work done by field 
= —E.ds.(5) 


In Cartesian co-ordinates this becomes 

dV = —(Evdx+Eydy+Ezdz), . . . (6) 

leading to the important relations 


= _£T E — _— 

* 8x’ v ty 1 0z‘ 


(7) 


These are conveniently summarised in the vector equation 

E = —grad V — —V V. . . . (8) 

It is sometimes convenient to write (5) in the integrated form 


7 b~V a = - J^ E -ds. • 


(9) 


§ 7. Field due to several charges 

The torsion balance experiments of Coulomb show two 
other extremely important facts. The first is that both 
the field and the potential are proportional to the charge e 
which causes them; thus if we double e we also double V 
and E. This is indeed implicit in our formulation of the 
law of force. The second fact is that if instead of one charge 
e we have two or more distinct charges, then their effects 
on any other charge are simply additive. Thus two fixed 
charges e x and e a exert on a third charge e whose distances 
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from them are r x and r a a force equal to the sum of the two 
forces eejr^ and ee 2 /r a 2 added vectorially in the usual manner 
for forces. These two facts constitute the principle of 
superposition, which states that for any given system of 
charges, the final force and potential are the same as if 
we simply superposed the separate forces and potentials. It 
follows that our discussion, at the end of the last section, of 
the potential V and field E due to a single charge can be 

applied to a system of several charges ej, e 2 _ In fact, 

V still represents the work we do in bringing unit charge 
from infinity to any point, and E is the force on the unit 
charge. Equations (5) to (9) are valid just as they stand, 
and if V u F a , . . . are the potentials due to each separate 
charge, 

v = V 1 +V t + . . . =Z- . . . ( 10 ) 

r 

Similarly 

gp 

E == Ei+E a + ... =2— . . . (11) 

r is, of course, the vector from one of the given charges to 
the point at which E is required. 

We can always investigate the field due to a set of charges 
by putting a small charge e' at various points. The force on 
it is e'E, from which we determine the magnitude and 
direction of E. We sometimes refer to this operation as 
mapping, or exploring, the field; the charge e' is called 
the test charge. Having found E we can get V from 
the equation E = —grad F, or we can measure V directly 
by the work e'V required to bring the test charge from a 
long distance away to the chosen point. 

In mathematical problems it is nearly always preferable 
to use V rather than E. This is because V is a scalar quantity 
whereas E is a vector quantity, and calculations with vectors 
are usually more involved than with scalars. 

It sometimes happens that our fixed charges are not all 
separate and distinct, but that they are distributed through 
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a given volume or on given surfaces. We speak of a volume 
density p if the charge in volume dv is p dv ; and of surface 
density a if the charge on an element of surface dS is a dS. 
It is quite obvious that the appropriate modification of (10) 
that deals with volume and surface distributions is 



If p and a are known this gives us a way of calculating 
F. Since E= —grad F, we soon get E also. Unfortunately, 
apart from a few special cases, the integration is usually 
very difficult. 


§ 8. Equipotentials and Lines of Force 

According to (10) and (12) at any point P there is a 
definite value for the potential. Consider all points for which 
the potential has the same value F. As a rule these will lie 
on a surface. We call this an equipotential surface. By 
choosing different values of F we obtain a whole series of 
equipotential surfaces, or simply, equipotentials. Since each 
point can have only one potential, there is one and only one 
equipotential through any point P. If the potential at any 
point (z, y, z) is given by the function V(z, y, z), then the 
family, or system, of equipotentials has the equation 

V(z , y, z) = constant . . . (13) 

By taking different numerical values for the constant we 
obtain all the various members of the system of surfaces. 

Let us take the special case of a solitary charge e at the 
origin. Then according to (3) the potential is e/r, so that the 
equipotentials are the surfaces e/r = constant, i.e. concentric 
spheres around the origin. 

Similarly if we take the case of two separate charges e x 
and e s , the potential at a point distant r x and r 2 from the 
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charges is ei/ri+et/r f . The equipotential surfaces are there¬ 
fore obtained by rotating the set of Cassini ovals 

~ + ~ = constant 
r % 


about the line joining the two charges. 

The normal at any point on the equipotential surface 
V(x, y t z) = constant, will have direction cosines proportional 


ar ev ev 

dx 9 dy 9 dz‘ 


But from (7) E x — — 


d_V 

dx 


etc., so the 


cy cv cv 

direction cosines of E are also proportional to —, —, —. 

ox cy cz 


We deduce the important theorem that the direction of E 
at any point is normal to the equipotential surface through 
that point. 

This last theorem suggests a new way of mapping the 
field E. Suppose we draw a set of lines, which will usually 
be curved, such that at any point on one of these lines the 
direction of E coincides with the tangent to the line at this 
point. These lines are known as field lines, or lines of 
force. Through any given point there is usually just one 
line of force, and the set of lines so obtained are the orthogonal 
trajectories of the equipotential surfaces; that is, every 
field line cuts every equipotential surface at right angles. 

We can soon write down the differential equations of the 
lines of force. Since the direction of the line is the same as 
the direction of E, the lines must be defined by dx :dy:dz = 
E x :E y :E x . I.e., 


dx _ dy __ dz 
E x E y E z 


In the particular case of a solitary charge at a point 0, the 
lines of foroe are evidently radii drawn from 0 in all direc¬ 
tions. There is one and only one radius through any point, 
and these lines all cut the equipotentials, which are concentric 
spheres around 0 , at right angles. 


B 
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We can give another interpretation of lines of force. For 
if a charge e is placed at a point where the field is E, it will 
experience a force eE. If we release it from rest it will start 
to move in the direction of the force, that is, of E, which is 
along the line of force. On account of its mass and momentum, 
however, it does not follow that the charge will continue to 
move along the line of force as it gathers speed. 

Further, since the direction of E is along the line of force, 
the fundamental equation E = —grad V may be written 


E= - 


dV 
8s 9 


. (15) 


where — denotes 
ds 


differentiation along the line of force. 


This equation also shows us that the positive direction of a 
line of force is the one in which V decreases. As we proceed 
along any particular line of force the potential continually 
falls. 

Next let us take any small closed contour C (Fig. 3), 
and draw the lines of force that pass through every point of 
C. These lines form a thin tube whose 
cross-section may vary along its length, 
but whose generators at any point are all 
effectively parallel. Following Faraday 
we call this a tube of force, and define 
the strength of a tube as the product 
of the magnitude of E and the normal 
sectional area. As we shall see shortly, 
the strength of a tube remains constant all along its 
length. A unit tube is one whose strength is unity. Tubes 
of force, like lines of force, are everywhere parallel to the 
direction of E, and the potential falls continuously as we 
proceed in the positive direction along them. Two lines 
of force, or two tubes of force, can never meet, for that 
would involve two distinct directions of E at the common 
point. An apparent exception to this rule is where E = 0, 
since at such points (14) shows that dx:dy : dz is in- 
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determinate, so that the field lines themselves are 
indeterminate. If E = 0 at a point P, it means that a 
charge placed at P would experience no resultant force, 
and would therefore be in equilibrium. For this reason 
we refer to such points as neutral points, or points of 
equilibrium of the field. (See § 12, Ques. 5.) 

§ 9. Flux 

It follows from our definition of tube strength that the 
number of unit tubes crossing any small area dS drawn 
perpendicular to the field is E dS . If dS is represented by the 
vector dS, this can be written E.dS, a formula which holds 
equally well even if dS is not normal to the field. The 
expression E.dS occurs quite frequently, and is called the 
flux of E across dS. If we have a larger surface 8 , bounded 
by a closed curve (7, we may subdivide 8 into small elements 
dS ; then, by summing the contributions from each element 
we calculate the total flux across 8. Clearly 

flux of E across S = J E.dS . . . (16) 

If the surface 8 is a closed surface, we speak of the flux of 

E out of, or into, 8. If the direction of dS is that of the 

outward normal, then 

flux of E out of S = J E.dS . . . (17) 

In (16) the integration is over an open surface, in (17) 
it is over a closed surface. These two formulae represent the 
total number of unit tubes of E crossing the open surface 
bounded by (7, and emerging from the closed surface S 9 
respectively. 

Let us consider more closely the flux of E across a given 
surface 8 (Fig. 4) when the field arises from a single charge 
e at 0 . 
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Then if 6 is the angle between an element dS and the field E, 

g 

E.dS = E dS cos 6 = - dS cos 6 = e dco, 
r 

where da) is the element of solid angle subtended at 0 by the 
surface element dS. It follows from (16) that the flux of E 

across the whole surface 8 is je dw, or simply eco, where oj 

is the solid angle subtended at 0 by the boundary curve (7. 

E 


Fig. 4 Fig. 6 




If the surface $ is a closed surface surrounding 0, then 
u) = 47r, so that the flux of E out of any closed surface 
completely surrounding a charge e is 4rre. This can be 
expressed by saying that 47re unit tubes of force leave any 
charge e ; or alternatively that unit tubes of force leave 
unit charge. 

If the surface 8 is a closed surface not surrounding 0 , 
we may regard it (Fig. 5) as the limit of an open surface 
when the boundary curve C shrinks to zero. This shows 
that when the surface is closed, c* = 0, and hence that the 
flux out of any closed surface not containing the charge e 
is zero. 

It makes no difference to these conclusions if the surface 8 
is re-entrant. 

§ 10. Gauss’ Law 

This brings us to an extremely important result known 
as Gauss’ law. Suppose we have a series of charges 
e v e 2 . . . and we draw a closed surface 8 which may 
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surround some or all of them. Then, since the principle of 
superposition shows that the total field E is the sum of the 
contributions from each separate charge, the same is true 
for the flux of E out of S. We have just shown that charges 
outside 8 give no flux out of S, and each charge inside gives 
a contribution fare. This proves Gauss’ law, that the total 
flux out of any closed surface 8 is equal to times the total 
included charge. 

We have proved the law on the hypothesis that the 
charges are each distinct. But we may regard a volume 
distribution p as a series of discrete charges pdv, and hence the 
theorem is equally applicable in this case. Gauss’ law may 
be written: 

flux of E out of 8 = I E.dS = 4rrX included charge . (18) 


Equation (18) takes a particularly simple form in any 
region where there are no concentrated point charges, but 


there is a volume distribution p. The included charge is 
so that Je.<1S = 4ttJ pdv . But by Green’s theorem 

J*E.dS = JdivEd». 

So J (div E — 4:77 p)dv = 0. 


is J pdv, 


This equation holds for any volume V, large or small, which 
implies that div E — 4 mp itself must be zero. Gauss’ law may 
therefore be written in the form 


dE « , 8E t , 

div E = —S + —! + 


dx 


dy 


BE t 

dz 


■ 4nTp 


(19) 


* E.g. Rutherford, Vector Methods, 1946, p. 74. This important 
theorem is often called Gauss* theorem; Gauss has historical precedence 
in its development. 



22 


ELECTRICITY 


If we combine (19) with the earlier equation (8) for the 
potential, and remember that 


wo obtain 


div grad F == 


d*v d 2 V d 2 V 
— 4- —• 4- — == \7 2 F 
dx 2 T dy 2 ^ dz 2 V ’ 


V 2 F = div grad F = — div E = —47 rp . . (20) 


This equation is known as Poisson’s Equation ; in the 
particular case of zero charge density (p — 0) it becomes 

Laplace’s Equation : 

V 2 F = 0 . . . . (21) 


Equations (20) and (21) are alternative expressions, in 
the form of a differential equation, of Gauss’ law; our 
method of deriving this equation in p. 21 showed that it 
depended only on the validity of the inverse square law and 
the principle of superposition. We may therefore say that 
(20) and (21) are equivalent to a statement that the law of 
force between charges is the inverse square, and that electric 
fields and potentials are additive. 

The appropriate solution of (20) has already been obtained ; 
it is, of course, equation (12). 


§ 11. Deductions from Gauss’ Law 

One immediate deduction from (18) is that the potential 
cannot have a maximum or minimum value except at points 
where there is a positive or negative charge respectively. 
For let the potential have a maximum at some point P. 
Then F decreases in all directions away from P, so that if 
we draw a small sphere with centre at P, the lines of E cross 
this surface everywhere from inside to outside. Thus the flux 
of E out of the surface is necessarily positive, showing from 
(18) that there must be an included positive charge. However 
small the sphere, there is still charge inside it; this charge 
must therefore be at P, proving our theorem. A similar 
argument applies to minimum values of the potential. It 
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does not follow from the above argument that the charge is 
necessarily a concentrated point charge at P. The condi¬ 
tions are equally well satisfied by a charge cloud in which 
the density at P is not zero. 

It also follows that a freely movable charge cannot be in 
stable equilibrium at a point unoccupied by charge. For 
with a given system of fixed charges, the potential energy 
of a movable charge e is eF. Stable equilibrium of e at some 
point P implies that eF is a minimum at P, and we have just 
seen that this is impossible unless there is charge at P. This 
is Eamshaw’s Theorem: its importance lies in the fact 
that it shows that no purely stationary system of charges 
can be in stable equilibrium under their own influence. 
Hence if our electrical forces hold down to the region of 
atomic dimensions, it follows that the electrons in an atom 
or molecule can never be at rest; in fact atoms must be in 
dynamical rather than statical equilibrium. 

Another deduction from Gauss’ law is that tubes of 
force can only begin or end on charges. For suppose a tube of 
force begins at a point P. Then if we surround P by a small 
closed surface, there will be more tubes leaving this surface 
outwards than there are entering it inwards. This means 
that there is a net flux of E out of the surface, and hence, 
from (18), that there is a positive charge at P. In a similar 
way tubes of force can only end on negative charge. 

It is now possible to provide the proof of our statement 
in § 8, that the strength of a tube of force remains constant 
along its length. To prove this, consider (Fig. 6) a tube of force 
with two normal sections dS 1 and dS 2 represented vectorially 
by dS x and dS 2 , across which the fields are E x and E a . 
As the tube does not either begin or end between dS x and dS 2 
there is no charge included in the closed surface formed by 
dS v dS 2 and the lines of force which form the generators of 
the tube. Hence there is no net flux of E out of this surface. 
No tubes can cross the curved boundary since this surface 
is itself the boundary of a tube, and hence the flux 
across d8 t equals the flux across dS 2 . This means that 
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the positive charge at right angles to the line joining the charges. 
Sketch the equipotential surfaces. 

2. Obtain an alternative proof of equation (23) which gives 
the lines of force for a system of collinear charges, as follows. 
Let P and Q be two adjacent points along a certain line of force ; 
then the direction of the field at P is PQ . Write down the 
condition that there is no resultant field perpendicular to PQ 
and show that this is equivalent to the relation 8[27e cos 0] = 0. 
Deduce (23). 

3. Two charges of opposite sign are placed in given positions. 
Show that the equipotential surface for which V — 0 is spherical, 
whatever numerical values the charges may have. Discuss the 
apparently exceptional case when the two charges are equal in 
magnitude. 

4. A particle whose charge is — e and whose mass is m is free 
to move in the plane of the paper. There is also a fixed charge 
Ze at the origin. Show that if the only force acting on the 
moving charge is the electrostatic attraction of the fixed charge, 
then it may describe a circle of any chosen radius r about the 
origin, provided that its velocity v satisfies the equation mv 2 — 
Ze 2 /r . (This result is important in Bohr’s theory of the atom.) 

5. The point (a, b , c) is a point of equilibrium in a given fixed 
system of charges, and there is no charge at this point. Expand 
V in powers of x—a, y—b t z~c and deduce that in the neighbour¬ 
hood of (a, b , c) the equipotential surface through this point 
is in general a cone of the second degree on which it is possible 
to find three mutually perpendicular generators. 

6. A and B are two equal charges +e fixed at the points 
(±a, 0, 0). A third charge — e of mass m revolves around the 
x axis under the influence of its attraction to A and B. Show 
that if it describes a circle of radius r, its velocity v is given by 

mv 2 = 2eV 2 /(r a -fa 2 )*. 

(This was an early model for the motion of an electron in some 
simple molecules.) 

7. Equal charges +e are fixed at the four comers of a square 
of side \/2 a. A fifth charge +e, whose mass is m, is now placed 
at the centre of the square and is free to move. Show that it is 
in equilibrium at this point, and that the equilibrium is stable for 
all small displacements in the plane of the charges, the period of 
small oscillations in any direction in this plane being 7 r\/( 2 ma*/e*), 
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but that it is unstable with respect to motion perpendicular to 
the plane. 

8 . Electric charge is distributed on an infinite plane surface 
so that the surface density is <7. P is a point distant a from the 
plane, and dS is an element of surface whose distance from P 
is r. Prove that the electric field at P has a component away 

from the plane equal to J aadS/r 8 . If a is constant, show that 

this gives a value 2na, and deduce that in such a case one half 
of the field arises from those points of the plane that are less 
than 2 a from P. 

9. A certain distribution of electric charge is spherically 
symmetrical about the origin, and the total charge inside a 
sphere of radius r is Q(r). Prove that the potential V{r) is given by 



Show that this may be written in the alternative form 

V{r) = ^ + f 47 rrp(r)dr, 

r J r 

where p(r) is the density of charge at distance r from the origin. 

10. A fixed circle is drawn of radius a and a charge e is placed 
at a distance 3a/4 from the centre of the circle on a line through 
the centre perpendicular to the plane of the circle. Show that 
the flux of E through the circle is 4 77 - 0 /5. If a second charge 
e f is similarly placed at a distance 5a /12 on the opposite side 
of the circle, and there is no net flux through the circle, prove 
that e' = 13e/20. 

11. Show that at all distances from an infinite plane charged 
on each side with uniform surface density a, the electric field 
is of constant magnitude 4 77-0-. 

12. Use Gauss’ flux theorem to show that there is a change 
47 tct in the normal component of E on crossing a layer of charge 
of density or. Deduce that if a line of force crosses a positive layer 
of charge it is refracted towards the normal. 

13. Obtain the result (22) for the field due to an infinite 
plane layer of charge a by direct summation of the contribution 
from each element, as in ( 11 ). 



28 


ELECTRICITY 


14. Electric charge is distributed with constant density a 
on the surface of a disc of radius a. Show that the potential 
at distance x away from the disc along the axis of symmetry is 
2 iro{y/(a*+x 2 )—x}. Deduce the value of the electric field, and 
then, by making a tend to infinity, reproduce the result (22) 
for the field due to an infinite layer of charge. 

15. Electric charge is distributed at constant density e per 
unit length of an infinite straight line. (This is known as a line 
charge of strength e.) Apply Gauss’ law to a cylinder of unit 
length and radius r coaxial with the straight line and deduce 
that the intensity E at distance r from the line is 2e/r. Show 
that the potential is — 2e log r + constant. Why is it not 
possible, without more information, to determine the constant ? 

16. A system of discrete charges is such that the total charge 
is q and the position of the centroid of charge is O. P is a point 
at large distance r away from O. By expanding the potential in 
powers of 1/r, show that 



A+B+C-3I 

2r* 


+ . . • 


A, B, C are the second moments (moments of inertia) of the 
charges about any three perpendicular axes at G, and I is their 
second moment about the line OP. (This formula is sometimes 
known as MacCullogh’s formula, and is useful in astronomical 
problems.) 

Deduce that at large distances from the charges the equi- 
potential surfaces are effectively concentric spheres with centre G, 

17. Two given distributions of charge are separated by a 
large distance. Their respective centroids are at G and G\ and 
their total charges are q and q\ A, B, C, I are the second 
moments of the first system of charges about three perpendicular 
axes through G and about GG f respectively. A similar inter¬ 
pretation holds for AB', G\ I'. By using the result of the 
previous question, or otherwise, show that the mutual potential 
energy existing between the two systems is 

qq' , q'{A+B+C-3I}+q{A'+B'+C'-3r} , 

R + 2 • 


where R is the length GG\ 
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CONDUCTORS, DIPOLES AND CONDENSERS 
§13. Conductors 

Gauss’ law enables us very easily to obtain certain pro¬ 
perties of the charge distribution in conductors. We 
remember that a conductor is a substance in which there 
is no resistance to the movement of charge. Hence if there is 
any charge at a point inside a conductor there cannot at the 
same time be any field at that point; for if there was a field 
there would be a corresponding force on the charge and it 
would move in the direction of the field. Actually we can 
soon show that there cannot be any charge at rest inside 
the conductor. For div E = 4np (§ 10 eq. 19); therefore if 
p ^ 0, we conclude that div E ^ 0. Thus E is not zero and 
the hypothetical distribution of charge would move in the 
direction of E. We conclude that if a conductor is charged 
and no current is flowing, the charge is all on the surface. 

Furthermore, the surface of the conductor must be at 
the same potential everywhere ; if it were not so, charges 
would flow from the places of high potential to those of 
low potential: this would continue till the whole of the 
surface was at the same potential. 

In this condition there can be no tubes of force inside 
the conductor; if there were, since there is no charge inside, 
the tubes would have to start and end on the surface. This 
is impossible because the potential continually falls along 
a tube of force and we have just shown that the potential 
is the same at all points of the surface. Since there are no 
tubes of force inside, there is no field inside. So E = 0 
so 
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inside a conductor, and the potential has the same constant 
value at all points of the conductor. 

Since the surface of the conductor is an equipotential, it 
follows that the direction of the field just outside the surface 
is perpendicular to the surface, i.e. the lines of force leave 
the surface normally. Thus if E 8 is the component of E 
in any direction tangential to the surface 

E a =0 ... . (1) 

The normal component E n may be calculated in terms of 
the surface charge density a by applying Gauss’ law to 
a small cylinder (Fig. 8) with cross-section dS, whose 
generators are perpendicular to the surface, and one of whose 
ends dS x is just below, and the other dS 2 just above, the 
surface. The total charge inside this cylinder is adS. There 




is no flux of E across dS v or out of the sides of the cylinder, 
so that the total flux of E out of volume is E n dS 2 . Hence, 
by Gauss’ law E n dS 2 = faradS. Now dS x = dS 2 = dS, so 
that 

E n = 4tt<7 . . . (2) 


This is Coulomb’s law ; if ~ denotes differentiation along 
the outward normal to the conductor, it may be written 


dV 

dn 


— 477X7 . 


. (3) 
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There is another interesting way in which this result 
may be obtained. We do this by comparing two different 
formulae for F. In § 7 eq. (12) we obtained F by direct 
summation, and in § 10 eq. (20) we obtained a differential 
equation for F. Let us now solve this equation and compare 
the two results. 

Consider a series of charged conductors S v S 2i . . . shown 
shaded in Fig. 9. Let F denote the potential in this system, 
V v F 2 . . . being the values of F on 8 V S 2 , . . . Any point 
charges that may be present are to be regarded as very 
small conductors. Let P be any point outside the conductors ; 
surround P by an extremely small sphere 2. 

In order to solve the equation V 2 F = —4 t rp, we make use 
of Green’s Theorem.* In its simplest form this states that 
if a is any well-behaved field-vector, then 

j div a dv = | a.dS = \a n dS t (4) 

J (V) J ( S) J 

where S is any closed surface enclosing a volume v. If we put 
a = fa grad grad <f> u 


where <f> ± and <f> 2 are any two arbitrary scalar functions, this 
takes the form f more suited to our purposes, 


/<»> ~ j (S) [ ^ * (e 


Now put <f> 2 — 1/r, where r is measured from P, and put 
<f>! = V, so that V 2 ^ 2 = 0> and V 2 ^i = —4 irp. Take the 
volume v to be all space between S v S t , ... Z and the 
sphere at infinity. The left-hand side of (5) becomes simply 

4frrj^~. The right-hand side involves integrations over 

3 

Sd S 2i . . . and the sphere at infinity in which — denotes 


* Rutherford, Vector Methods , 1946, p. 74. But Rutherford uses 
de where we use dS. 
t Rutherford, p. 76, 
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differentiation out of v, i.e., out of the sphere at infinity and 
into the surfaces S v S 2 . 

Since <^->0 at large distances, a simple consideration of 
orders of magnitude shows that the contribution from the 
sphere at infinity is zero. 

To calculate the contribution from E we may put <f> x = V P 

d d 

in the first term and treat it as a constant. Also — = — — 

dn dr 


JO 


and dS = r*da). This gives I I F P +r ^\dw. If we let the 


*7 


radius of E tend to zero this integral becomes 4ttV p . 

The contribution from 8 t is obtained by putting <f> 1 = V lt 


Hi 


and noting that —— = H— 
dn dr 


d (l 


cos 0, where d is the angle 


between the radius from P and the inward normal to S r 
There are two terms ; the first one is 


r 

J OS.) r 


dS 



= 0, 


since P is outside 8 V The second term is — J" 
8 


8VdS 
8n r 


, in which 


8n 


denotes differentiation along the outward normal to v, 


i.e. the inward normal to 8 V This can be written +J* 


8Vd8 
dn r ' 


where — now denotes differentiation along the outward 
dn 6 

normal to 8 V 

Collecting all the terms together we write (5) in the form 


Cpdv_± f £VdS 
J r 4wJ dn r 


(6a) 


The last integral represents integration over the surfaces of 
all the conductors S v S 9 , . . , This formula may be regarded 
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as the formal solution of Poisson’s equation. If we compare 
it with the known formula 


r pdv r crdS 
)~ + )~ 


( 66 ) 


we see at once that — = — 4ar<j at the surface of any charged 
dn 

conductor. This is the proof of Coulomb’s law (2). 


§ 14. Mechanical force on a charged conducting 
surface 

Since there is a field at the surface of a charged conductor 
the charge on this surface will experience a force ; this force, 
like the field itself, will be everywhere normal to the surface. 
To calculate it we must consider in rather more detail the 
way in which the field changes from zero just inside the 
conductor to 4na just outside. Hitherto we have supposed 
this change to take place discontinuously ; in fact, of course, 
the electric charge on the surface will occupy a very thin 
layer (see Fig. 10) of width t, which is of the order of a few 
atomic diameters. 


AT SURFACe E - 4tt<t 



Fig. 10 Fig. 11 


Suppose that at distance x from the conductor the density 
of charge is p and the field E. Then from Poisson’s equation, 
since E is normal to the conductor 



• (?) 


Now consider the charge at different distances inside a small 

o 
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cylinder of unit cross section shown dotted in Fig. 10. The 
amount of charge between the planes x, x+dx is pdx. The 
force on this charge is 

1 dE 

Epdx = T- E — dx y by (7). 

477 dx 

Thus the total force on the charge in this cylinder is 

ft 1 gjw 1 finer 

E^~~ dx = — EdE = 2tt<7 2 . . (8) 

J o 4 tt dx 4 tt J o 

Hence the required force is Zno 2 per unit area of surface of 
the conductor. 

This is a mechanical force acting on the charges. But 
since the charges cannot usually escape from the conductor, 
it is communicated by them to the surface itself. If, however, 
we put too great a charge on the surface, the force on the 
charges becomes so big that a temporary discharge in the form 
of a spark does take place from the conductor. 

§ 15. Attracted-disc electrometer 

The simplest apparatus that makes use of this mechanical 
force is the attracted-disc electrometer. Suppose P and Q 
(Fig. 11) are two similar parallel discs of area A a distance t 
apart; the lower surface of P and the upper surface of Q 
carry charges +a and —a per unit area respectively. The 
force pulling P towards Q is therefore 2ira 2 A. We can relate 
this to the difference in potential between P and Q by noting 
that the field E = 47t< 7, and if the plates are fairly close 
together the total drop F in potential between P and Q is 
Ext , so that V — knot. The attractive force is now 
27r4(F/47r*) 2 , i.e. V 2 AjSnt 2 . If we measure this force by 
making it pull down one arm of a balance we are provided 
with an accurate way of determining a given potential 
difference F. 

It is necessary for the plates to be fairly close together, 
for otherwise on account of edge effects the field is not 
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uniform across the gap between them. In practice this 
difficulty is overcome by dividing one of the plates into an 
inner and outer part, and by measuring the pull on the 
central part only, where the field may be taken to be uniform. 
The outer part is called a guard ring. 


§16. Energy of the electrostatic field 


Our next problem is to calculate the mutual potential 
energy between a given set of charges e v e 2 ... e n at points 
A, B, . . . Let r 12 , r 18 , . . . denote the distances between 
charges e x and e 2 , e 1 and e 3 , etc. Then the mutual potential 


energy is clearly 2 


y 

Ui 


where the double summation includes 


all pairs of distinct values of i and j. We may write this in 


the form 


?+?+•••+* +** ? +?+■••+* +••• 


The first expression in brackets is just the potential at A 
due to all the other charges. If we call this V v with a similar 
meaning for F 2 , . . . then the required mutual potential 
energy is W, where 

JF = ^ 1 F 1 + ie 2 F 2 + . . . = 2\eV . . (9) 


An alternative proof of (9) which applies even when 
there are dielectrics present (see Chapter IV) is obtained 
by supposing that we build up the final charges e v e 2 , . . . 
stage by stage, always keeping their ratios constant. Thus 
suppose that at one stage the charges present are ke^, ke 2 , 
. . . ke n , where k is some fraction less than one. By the 
principle of superposition the corresponding potentials are 
kV i, kV 2t . . . kV n . Now let us bring up charges e x dk, 
. . . e n dk. The work that we do is dW, where 

dW = meJkftkVJ - (ZeV)kdk. 

The total work done W is obtained by integrating from 
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k = 0 to k — 1, by which time we have built up the complete 
charges e v e 2 , . . . e n in their proper positions. Thus 

W = T (EeV)kdk = (EeV) f * kdk = \ZeV, 

Jo Jo 


which is the same value as in (9). 

If the charges are not localised as point charges, but 
are distributed with volume density p and surface density a 
the corresponding formula is evidently 


W = i 


J pVdv + lj 


aVdS 


■ ( 10 ) 


We can rewrite this last formula in a rather different way. 
For the first term may be transformed as follows : 



1 


Sir 


J 

J 


V div E dv 

{div(FE)—(E.grad V)}dv 



The surface integral is taken over the sphere at infinity, 
where a consideration of orders of magnitude shows that it 
is zero for any finite set of charges; and over the surface 
of each conductor where, following the notation of Fig. 9, 
E n is the normal component of E away from v into each 
separate conductor. But by Coulomb’s law (2), E n = —4tt( 7, 
so that 

J 8tt 



Hence the total electrostatic energy is 



• (11) 
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This integration is to be taken over all space except that 
occupied by conductors. But since E = 0 inside any con¬ 
ductor, it may equally well be extended over all space. 

Equation (11) is interesting because it shows that we 
may regard the energy of the charges as being distributed 
throughout all space, the density of energy being BP/Sn per 
unit volume. We sometimes speak of this as the energy 
density of the field. In the earlier work of Faraday and 
Maxwell, who could not understand how charges could exert 
forces on each other across the intervening vacuum, and 
therefore sought to dispense with the idea of action-at-a- 
distance, it was supposed that there was an aether pervading 
all space; this transmitted the inverse square law of 
attraction from one charge to another by becoming stressed, 
and it was argued that such a stress would require energy to 
create it; this was the energy E 2 /S7t. Alternatively we may 
think of the tubes of force as being in a state of tension. 
Indeed the student will notice a close similarity between the 
expression E 2 IStt just obtained, and the mechanical force 
27 to 2 per unit area on the surface of a conductor; for since 
by Coulomb’s law, E = 4tt(t at the surface, 27 to 2 is exactly 
equal to E 2 /#**. We return to this question in § 30. 

More recent theories of the electric field do not make use 
of the idea of the aether, but it is still convenient to regard 
the energy of this kind of electrostatic system as in some 
way residing in the medium with density E 2 /&7r. 

§ 17. Introducing a new conductor lessens the energy 

We next prove that introducing a new uncharged conductor 
into an electric field lowers the total energy. For suppose 
the conductor is assembled bit by bit, each element being 
brought into position uncharged, and electrical communication 
between the elements being forbidden; as each element is 
uncharged no work is done. Now allow electrical contact 
to be established. Positive and negative charges will flow 
over the surfaoes till the equilibrium configuration is reached. 
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But since charge always flows from regions of higher potential 
to regions of lower potential, electrical energy is lost. This 
proves our theorem that introducing an uncharged conductor 
into a field decreases the energy. 

Let us now connect this new conductor to earth (i.e. zero 
potential). There will, in general, be a further redistribution 
of charge, and the electrical energy will be further reduced. 


§18. Dipoles 

It frequently happens that we have a pair of equal and 
opposite charges ±e at a constant distance l apart: e is 
usually very large and l is very small, in such a way that 
the product el has a finite value m. Such a combination is 
called an electric dipole, and m is its moment. Most 
molecules, e.g. HC1 and NH 3 , are 
electric dipoles and the theory of such 
systems is of great importance in 
physical chemistry. It also turns out 
that the mathematics used in discussing 
electric dipoles is identical with that 
required later in our discussion of 
permanent magnetism. 

The moment m is really a vector m, 
whose direction is from the negative to the positive charge. 
If we have a dipole m at AB (Fig. 12) the direction of m is 
along the line AB , and the resulting potential at P is 



V = 


. — + — 
AP^BP 


= e X change in 1/r from A to B 

= ely 
da 

tion AB, 

— m.grad -. 


1 \ e 

-I, where — denotes differentiation in the direc- 
rf d8 


In performing the differentiation of 1/r we consider the end 
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P of the vector r as fixed and differentiate with respect to the 
coordinates of A . For that reason we often write this 

V = m.gradj . (12) 

r 

Since r = \/{(x A —£ P ) 2 + (y A —y P ) 2 +(z A —Zj>) 2 }, it follows that 

grad 4 - = — gradp and so the potential (12) is equally 
r r 

well written 

V P = —m.gradp -. . . . (13) 

r 


If the dipole is at the origin, as in Fig. 13, the potential 
at P, whose position vector is r, is just 


m cos 0 m.r 


. (14) 


an important formula that should be remembered. 



The electric field at P is most conveniently expressed in 
terms of the radial and transverse components E r and Eq. 
Thus, since E = —grad F, 


E r = 


Eq = 


dV __ 2m cos 0 
dr r 8 1 

dV m sin 0 
rd0 = r 8 * 


. (15) 


This shows that the field varies as the inverse cube of the 
distance, but only when 0 = 0 or 0 = n is its direction 
along the radius vector, 
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§ 19. Forces on dipoles 

Suppose that a dipole m is free to rotate about its centre 
in the presence of a constant electric 
field E. Fig. 14 shows a section in the 
plane through the dipole and the direc¬ 
tion of the field. The field acts from 
left to right in the diagram, and 
therefore exerts a force +eE on the 
charge +e, and —eE on the charge — e. 
These are equivalent to a couple of magnitude eEl sin 0, i.e. 
mE sin 0. Since this is about an axis perpendicular to m 
and E, it can be written 

Couple = mxE, . . .(16) 



el A 

Fig. 14 


where X denotes vector product. 

If W is the potential energy of the dipole in the field, 
then 


dW 

d6 


— couple tending to increase 0 = — mE sin 0. 


So if we choose the zero of potential energy at 0 = 7 r/2, 

W = -mE cos 0 = -m.E . . .(17) 

Alternatively we may argue that if V denotes the potential 
due to the field E, then 


W = eV B —eV A 
_ V 

~ as (rf. §18) 

= m. grad V 
= —m.E. 

Incidentally if the direction of the field is along the positive 
direction of the z axis, the potential V used above has the 
form, which we shall often use later 

V = —Ez + constant. 
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Our next problem is to calculate the mutual potential 
energy of two given dipoles. We can use the same method 
that gave us the potential due to one dipole in equations 
(12) and (13). Let 0 1 and 0 2 be the centres of the two dipoles 
whose moments are m 1 and m 2 . Then if V denotes the 
potential due to xn x and if we suppose that m 2 arises from 
charges ±e 2 at distance 1 2 , as in Fig. 15, the mutual potential 
energy is 

—e 2 V A +e 2 V B = e 2 l 2 . grad V 
= m 2 . grad F. 

B 



Fig. 15 

But from (13), V = —m 1 .grad and both differentiations 

T 

are made with respect to the coordinates of 0 2 . Thus the 
mutual potential energy is W , where 

W = — m 2 .grad ^m.grad = m 2 .grad 02 

and r stands for the vector 0 1 0 a . By working in terms of 
Cartesian coordinates, or by vector differentiation the reader 
will have no difficulty in verifying that this may be written 

nr _ m i - m 2 3(1X1!.r)(m 2 .r) 

W ““ 9*3-^‘ * l 

A convenient form for (18) may be obtained by calling e the 
angle between the dipoles, and 6 V 0 a the two angles between 



42 


ELECTRICITY 


the dipoles and the line of centres OyP 2 . Then the mutual 
energy is 

W = {cos €—3 cos 0 X cos d 2 } . . (19) 

It is an easy matter to calculate from (19) the force and 
couple exerted on m 2 by m v Thus the force along the 
dW 

direction 0 1 0 2 is-—, and the couple tending to increase 

dr 

0 2 is — In this latter differentiation, however, c must be 
regarded as a function of 0 X and 0 2 . 

§ 20. The Electric Double Layer 

In many biological and colloid problems it appears that 
on a given surface there are two layers of charge, of opposite 
sign, the one just outside the other. These may cover a 
part, or the whole, of the surface and together they form 
what is called an Electric Double Layer. The strength 
p of the layer is the product of the charge per unit area and 
the distance apart of the two layers. Thus (see Fig. 16), 
if a is the surface density of charge, 
then p = at. The two charges 
-±vdS shown in the figure are to¬ 
gether equivalent to a dipole of 
moment atdS, i.e. pdS. Thus instead 
of speaking of layers of positive and 
negative charge we may equally well 
speak of a layer of dipoles, all point¬ 
ing normally to the surface, rather 
like the bristles of a hair-brush, such 
that the dipole moment per unit area is p. In Chapter VI 
we shall find this interpretation extremely useful. 

It is an easy matter to calculate the potential at P due to 
an electric double layer of strength p. For since the element 
dS in Fig. 16 behaves like a dipole of moment pdS its 
contribution to the potential at P is given by (14); it is 



Fig. 16 



CONDUCTORS, DIPOLES AND CONDENSERS 


43 


pdS cos Ojr 2 , where 9 is the angle between the direction of the 
normal and the direction to P. Now dS cos 6/r 2 = dw, so 
that the potential at P is 



If the double layer is of uniform strength, this becomes 

V=pw, . . . .(21) 

where co is the solid angle subtended at P by the boundary 
curve of the double layer. There is a difference of potential 
477 p between points just on either side of the double layer. 
It is this difference which is most important in applications 
of this paragraph. 

§21. Condensers 

We conclude this chapter with a brief discussion of 
condensers. A condenser is an instrument for storing charge ; 
it consists of two plates which are conductors of arbitrary 
shape. The positive plate carries a charge +Q and the 
negative plate a charge — Q, so that there is no net charge on 
the condenser as a whole. If the potential difference between 
the plates is F, we define the capacity C by the formula 

0 = QIV, i.e. Q = VC . . . (22) 

By the principle of superposition, if we increase Q in a certain 
ratio, F is also increased in the same ratio, so that C is a 
constant independent of the charge on the condenser plates. 
In fact C is a purely geometrical constant depending on the 
position and shape of the two plates. To calculate C for a 
given condenser, we must first solve the potential equation; 
this is best illustrated by a few simple examples. 

Parallel Plate Condenser .—Consider two equal plates of 
area A a distance t apart, as in Fig. 17. If a is the surface 
density of charge on the positive plate M, —a will be the 
corresponding density on the negative plate N. Apart from 
a small edge-correction the tubes of force will go straight 



44 


ELECTRICITY 


from M to N. It follows that the field between the plates is 
directed from M to N and since, from § 10, equation 19, 
div E = 0, this involves E = constant. By Coulomb’s law 
this constant is 4raj. The total drop of potential between M 
and N is therefore V — 4rrcrt. But the total charge Q is simply 


Positive 

Plate 



Negative 

Plate 



Fig. 17 



oA. Hence the capacity is C — Q/V — A/^nt. Evidently 
this is a purely geometrical quantity independent of the 
charge a and having the dimensions of a length. The largest 
value of C is obtained when t is small; for this reason the 
plates are usually close together. 

Two Concentric Spheres (Fig. 18).—By symmetry the field 
is everywhere radially outwards. So by applying Gauss’ 
flux theorem to a sphere of radius r shown dotted, we have 
E X 477T 2 — 4 ttQ, 


where Q is the total charge on the inner conductor r = a. 
Hence 


dV 

dr 



So 


Q 


constant d— 
r 


The difference in potential V a — V b between the plates is 


Q 



Therefore the capacity is 


c = Ql(r a -V t ) = abl(b-a) 


■ (23) 
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If we make b tend to infinity we have a condenser one of whose 
plates is a sphere of radius a , and the other is at infinity. 
From (23) 

ab 

C =;= Lim r— = a. . . . . (24) 

6 ->oo b— a 

Condensers in Series .—If a set of n condensers are joined 
together to form a single condenser in such a way that the 
negative plate B x of one is joined to the positive plate A z 
of the next, and so on, the charges on the various plates, 
when ±Q are placed on A x and B n , must be +Q, —Q, +Q, 
—Q, ... as in the diagram (Fig. 19). The total drop of 



Fig. 19 Fig. 20 

potential V from A x to B n is the sum of the individual 
differences of potential across the separate condensers. Thus 

V = Q/C x +Q/C 2 + . . . +Q/C n . 

But when A x and B n are regarded as the two plates of a 
complete condenser, the total charge stored is still only Q f 
so the capacity is (7, where 

1 1C - V/Q - 1/^+1/^+ . . . +1/0* . . (25) 

This is described as joining the condensers in series or in 
cascade. 

Condensers in Parallel .—An alternative way of forming 
one condenser out of several is to join all the positive plates 
together at A , and all the negative plates at B, as in Fig. 20. 
The potential across each separate condenser is now F, but 



46 


ELECTRICITY 


the charges on each are different, being given by the equations 
Q x == C X V, etc. The total charge on the positive plate is 
$—$ 1 + 62 + • • • = ^(^ 1 +^ 2 + • • • +^n)* Thus the 

capacity C of the system regarded as one condenser, is 

G = Q/V = C x +C 2 + . . . +C n . . (26) 

This is described as joining the condensers in parallel. 

A condenser whose plates carry charges at potentials 
V x and V 2 will be a reservoir of electrical energy. In fact, 
from (9) 

Energy = Z\eV = * («F x +(-«)FJ = \QV, 

where F is the potential difference V 1 ~V 2 across the plates. 
This may be put in any of the equivalent forms 

Energy =\QV = \CV i • • (27) 


If the two plates are now connected by a thick wire this 
energy will be dissipated in a spark at the moment of 
connection. 

[E 2 

It is instructive to compare (27) with the formula I ~ dr 

for the energy, which was proved in ( 11 ). Consider, for 
example, the parallel plate condenser of Fig. 17. We have 
seen that E has the value 4rrcr everywhere between the plates, 
and effectively zero elsewhere. Hence the energy integral is 


/ 



(47TCT) 2 

877 


X volume of condenser 


= 27rcr 2 At. 


But oA — Q, and 4mat — F, so that this formula may be 
written 

Energy = £ QV, in agreement with (27). 

This is one of the few cases where it is possible to verify by 

f E 2 

simple direct integration that I — dv does give the same 
value for the energy as E $ eF. 
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§ 22. Mechanical forces on a conductor 

Consider again the parallel plate condenser of Fig. 17. 
The energy W may be regarded as a function either of the 
charge Q and distance t, or of the potential V and distance t. 
Calling these functions W(Q, t) and W(V , t) respectively, 
we have, from (27): 

W(Q, t) = Q*/2C = 2t tQH/A, 

W(V , t) = CT 2 /2 = AV 2 /$7Tt. 


Now according to (8) the mechanical force on the negative 

plate is 2mj 2 A, which may be written either as + —— - 

dt 


or as 


dW(V, t) 
dt ’ 


Since this force is tending to decrease t > 


we may say that the force tending to increase t is either 

It is possible to show, though we 


dW{Q,t) ,6W(V 9 t) 

or + 


Bt 


dt 


shall not do so here,* that if in any electrostatic problem the 
energy W can be calculated in the above manner as a function 
of the charges or the potentials, together with a coordinate t 
which defines the position of one of the conductors, the 
mechanical force tending to increase t is always given by the 
two above forms. Our previous example is a particular case 
of this theorem, in which t is the distance between the two 
plates of the condenser. 


§ 23. Examples 

1. Show that with a system of charged conductors in which 
the total net charge is zero, at least one conductor must be 
everywhere charged positively, and one everywhere negatively. 

2. & is a surface completely surrounding a given system of 
charges, and P is a point outside S, Show by reasoning similar 
to that of § 13 that the potential at P is the same as would be 
obtained if the system of charges was replaced by a surface 

* See e.g. Jeans Electricity and Magnetism, Chapter IV. 
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distribution-, and an electric double layer of strength 

47 t dn 

V 

— per unit area, both on the surface S. (This is known as Green 's 

47T 

Equivalent Stratum). 

3. Point charges e l9 e 2 . . . at A, B, . . . are such that the 
potential at A due to all the charges except e 1 is V l9 and at B 
due to all except e 2 is V 2 , and so on. A second set of charges 
e x \ e 2 . . . at A, B, . . . gives potentials V Xf V 2 . . . Prove 
Green’s Reciprocal Theorem which states that 

e l V 1 '+e 2 V 2 '+ . . . =e 1 'F 1 +e 2 'F 2 + . . . 


Show that the same result is true if A, B, . . . are a series 
of conductors on which the total charges are e 19 e 2 . . ., and whose 
potentials are Pi. P*- 

Now make all the charges zero except e 1 and e 29 and reduce 
the second conductor to a point P. Deduce the following 
theorem : the potential of an uncharged conductor under the 
influence of a unit charge at P is the same as the potential at P 
due to a unit charge placed on the conductor. Hence show 
that a unit charge placed a distance / away from the centre of 
an uncharged conducting sphere raises the latter to potential 1//. 

4. A spherical soap bubble is blown on the end of a thin 
tube, and is then given an electric charge Q. The tube is now 
made open to the air, so that the air pressure is the same inside 
and outside. It is known that if the radius is r, the effect of 
surface tension is to give an inward pressure 2T/r per unit area. 
If this is balanced by the mechanical force due to the charge, 
so that the bubble is in equilibrium, show that Q 2 = IQirTr*. 

5. & is a closed surface drawn in such a way that it encloses 
no electric charges. Show that according to Maxwell’s theory 
the energy stored in that part of the field lying inside 8 may be 


written 



dv 

dn 


d8, 


the integration being over the surface of 8. 

6. Two condensers of capacities G x and C 2 carry charges Q x 
and Q % . Their negative plates are now connected to earth and 
their positive plates are joined. Show that the final potential 
of the positive plates is (Qi+Q 2 )l(O x +C t ) 9 and that there is a 
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loss of energy equal to (Q\G % —Q % C^i t l2CyC % (C 1 ']~G 1 ^. What 
happens to the energy ? 

7. Verify the theorem in § 16 equation (11) for the case of 
a conducting sphere of radius a which receives a charge Q. 

8. A conducting sphere of radius a receives a charge Q. 
Verify by direct integration of equation (66) that the potential 
is Q/r at points outside the sphere, and Q/a at points inside. 
Determine the electric field E at any point, and by performing 

rE* 

the integration —- dv verify that the energy of the condenser 

J 07 T 

formed by the given sphere and the sphere at infinity is Q*j2a. 
Notice that this implies that a genuine point charge (a->0) 
would have infinite self-energy. 

9. Three concentric hollow conducting spheres have radii 
a, 6, c. The inner and outer spheres are connected together by 
a fine wire, and form one plate of a condenser ; the middle sphere 
is the other plate. By regarding this system as two separate 
condensers in parallel, or otherwise, show that the capacity is 
6 2 (c —a)/(b — a)(c —6). 

10. A condenser consists of two coaxial cylinders of radii a 
and 6, each of length l. Show that its capacity is If2 log (6/a). 

11. S 1 is a fixed hollow conducting cylinder of radius 6, 
and &2 is a smaller solid conducting cylinder of radius a coaxial 
with S v S% is free to slide along its axis and a constant potential 
difference V is maintained between the two cylinders. Show 
that when a length l of S 2 is inside S 19 the electrostatic energy is 
ZF a /4 log (6/a), and hence deduce that the movable cylinder 
experiences a force F 2 /41og(6/a) drawing it inside the fixed 
cylinder. 

12. Obtain the equations (16) for the field due to a dipole 
by superposing the fields due to the two component charges, 
without calculating the potential as an intermediary. Notice 
how much easier it is to work in terms of the potential rather 
than the field. 

13. A dipole of moment m is placed in an inhomogeneous 
field E. Show that in addition to the couple of moment m X E 
it experiences a resultant force (m.grad) E, where m.grad 


denotes the operator 


d , d d 

m -a +”>% +m '5- 


D 
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14. An electric dipole of moment m is free to rotate about its 
centre which is fixed, in the presence of a constant electric field 
E. If its moment of inertia about the centre is J, and if we may 
assume that the only force on the doublet is the electrostatic 
couple due to the field, prove that small oscillations about 
its equilibrium position are Simple Harmonic, with period 
2irx/(I/mE). 

15. Two equal charges e are at opposite comers of a square 
of side a , and an electric dipole of moment m is at a third comer 
pointing towards one of the charges. If m = 2\/2 ea, show that 

the field strength at the fourth comer of the square is 

16. A and B are two electric dipoles such that the direction 
of A passes through B, and the direction of B is perpendicular 
to that of A . Show that the actual force exerted by A on B is 
not in the same direction as the actual force exerted by B on A. 
Explain why this does not contradict Newton’s third law of 
motion, that action and reaction are equal and opposite. 

17. An electric dipole is at the origin and its direction is 
that of the polar axis. Show that the lines of force are given by 
sin 8 0/r = constant. Sketch the lines of force and the equi- 
potentials which lie in a given plane through the dipole. 

18. A system of charges consists of -\-2e at the origin and — e 
at the two points (±o, 0, 0). Show that at distances from the 
origin much greater than a, the potential may be written in the 
approximate form 

ea 2 

V = - — (3 cos 2 0-l). 

This is sometimes called a quadrupole, and is important in 
studying the forces between atoms and molecules. 

19. An electric double layer of uniform strength p is dis¬ 
tributed over the surface of a sphere. Show that the potential 
is zero at all external points, but has the value 4 7rp at all internal 
points. 

20. Show that on crossing a double layer of strength p the 
potential changes by 4^. Illustrate this by considering in 
detail the variation of potential across the thickness t of the 
layer in Fig. 16. 


In e 

V TV 
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21. An electric double layer of uniform strength p is spread 
over one side of a circular disc of radius a. Show that at points 
distant x from the layer along the line of symmetry perpendicular 
to the plane of the disc, the electric field is 2frpa , /(a a +®*) 8/1 . 

22. If the law of force between charges e 1 and e % was t x ejr n , 
show that the potential due to a charge e would be e/(n—l)r n “ x , 
and the potential due to an electric dipole of moment m would be 

(m.r )/r n+1 . 



CHAPTER IV 


DIELECTRICS 

§24. Dielectric constant 

We have hitherto supposed that our experiments were all 
carried out in free space, i.e. a vacuum. We must now 
discuss the result of placing other materials in the electric 
field. It was Faraday who discovered that if the space 
between the two plates of a condenser was filled with an 
insulating material such as glass or mica, its capacity was 
multiplied by a certain constant K, which depended on 
the material but was independent of the shape of the con¬ 
denser. Such substances are called dielectrics, and K is 
the dielectric constant, or specific inductive capacity. 
Values of K range from 1 for free space and 6 for glass to 
about 81 for water. For air at normal pressure K is 1*0006, 
which shows that the results of Chapters II and III are 
almost unaffected if we use air instead of a vacuum. 

§ 25. Polarisation 

In order to explain this phenomenon we must consider 
in more detail what happens when an electric field E falls 
upon dielectric material. As we saw in Chapter I, each atom 
of the material consists of positive and negative charges, 
and so, when the field is applied, the positive charges will 
be pulled in one direction and the negative charges in the 
opposite direction. If there is no resultant charge on the 
atom there will be no net force on it either, so that the 
effect of the field will be to separate slightly the positive from 
the negative charges. We say that the medium is polarised 
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by the field. As a result of this polarisation each atom or 
molecule becomes a tiny dipole whose strength will depend 
upon E. If the field is not too large this strength is propor¬ 
tional to E and we may write it aE, where a is the polari- 
sability. We call aE the induced dipole; for an isolated atom, 
and indeed for nearly all substances it is parallel to E; 
however, certain crystals and other anisotropic media are 
exceptions to this rule. 

There is also another type of contribution to the polari- 
sability a. This occurs when the molecules of the dielectric 
are themselves permanent dipoles, as e.g. water. In the 
absence of a field these permanent dipoles will point equally 
often in all directions, but when a field is applied, there 
is a couple (see § 19) tending to orient them relative to the 
field, and there will consequently be a resultant moment 
in the direction of the field. Let us suppose that this effect 
also has been included in the value of a. Then, if there are 
N molecules in unit volume, the total moment induced by 
an electric field E is NaB per unit volume.* This is referred 
to as the polarisation. It is a vector quantity and we shall 
label it P. In isotropic materials 

P = NaE = fcE, . . . (1) 

where k = Na. With anisotropic materials there is still a 
polarisation P, but it is not necessarily related to E accord¬ 
ing to (1). The constant k is called the dielectric sus¬ 
ceptibility ; it depends upon the density of the material, 
as given by N, and upon the polarisability a. Both of these 
may depend upon the temperature. 

Thus the effect of an electric field E upon a dielectric is 
to create the polarisation P, with its associated dipole moment 
P dv in each volume element dv. In calculating the potential 
for such a system we may now forget completely about the 

* There is a small difficulty here, for the dipoles in the immediate 
neighbourhood of any one dipole will themselves contribute to the field 
which polarises the original dipole. Except when the polarisation is 
very large the difficulty may be overcome by a suitable change in the 
definition of a. 
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material of the dielectric itself, provided that we imagine it 
replaced by the volume polarisation P dv. 

Now from § 18, eq. 12, we know that the potential at any 

point due to a single dipole m is m.grad the differentiation 

T 

being taken with respect to the coordinates of the dipole. 
Putting m = P dv, and integrating, we see that the potential 
arising from the induced polarisation may be written 

Jp.grad^dv. But 

div - = - div P + P.grad -, 
r r r 

so that this integral is 




- div P dv . 
r 


By Green’s theorem we can transform this to 




div P dv 


. ( 2 ) 


The surface integral is taken over the boundary of the 
dielectric. 

This last equation is important. For it shows that when 
we have a polarisation P, the resulting potential is exactly 
the same as we should obtain if we were to suppose that there 
was a volume distribution of charge —div P throughout the 
dielectric, and a surface distribution P n on the boundary 
of the dielectric. These charges are often referred to as 
apparent charges *; on removing the field E, the polarisa¬ 
tion disappears and with it the apparent charges. 


§26. Electric displacement 

We are now in a position to formulate the laws of the 
electrostatic field in the presence of dielectrics. Suppose 

* Sometimes also as fictitious charges, or bound charges (Faraday), 
but although we shall sometimes use the latter, the title is not a happy one. 
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that at any point in the medium the field is E, with resulting 
polarisation P. Then in addition to any true charges p and a 
that may be present, we must include contributions to the 
potential from the apparent charges —div P and P n which 
take account of the polarisation. Gauss’ flux law (§ 10, eq. 19) 
now takes the form 


i.e. 


div E = 477 (p— div P), 
div (E+47rP) = 4rr p. 


Let us call this vector quantity on the left-hand-side D, so that 

D=E+4ttP, . . (3) 

div D = 47 Tp. . . . (4) 


The vector D is extremely important. Maxwell called it the 
electric displacement. As we shall see that it plays a 
crucial part in all that follows it will be convenient to make 
a list of the properties of D. 

(i) In isotropic materials for which (1) holds, we may 
write 


If we put 
then 


D =E+4ttP = (1+4tt&)E. 
1+47 rk = K, 


D = K"E 


. ( 5 ) 
• ( 6 ) 


We shall shortly identify K with the dielectric constant. 
Indeed K is often defined by means of (6), and then (5) is 
known as Faraday’s equation. But it is important to 
realise that (6) is only correct if the medium is isotropic; 
we ought not therefore to define D by (6) but by (3), which 
is always true. In free space k has the value 0, K has the 
value 1, and 

D = E . (7) 


(ii) Equation (4) may be written as a flux theorem in 
the form 

flux of D out of any surfaoe =477 X true included charge , (8) 
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We may regard this as replacing the earlier flux theorem; 
it shows that D rather than E plays the really fundamental 
role in dielectric media. 

(iii) Equation (8) is exactly the counterpart of the flux 
theorem in Chapter II, eq. (18). We may therefore write 
down at once several other properties of D. For example, 
there are field lines of D, given by the differential equations 

dx dy dz 

D x D y D z ’ * ’ W 

(iv) Further there are tubes of D, and from (4) and (8) 
these tubes can only begin and end on true charges. There 
are 477 unit tubes of D which start on each unit charge. 

(v) Just as in Chapter III, D = 0 in a conductor, and by 
applying the new flux theorem (8) in a manner similar to § 13, 
we obtain the modified Coulomb’s law at the surface of a 
conductor : 

D n = 477(7, .... (10) 

E n =4xr(j/K . . . .(11) 

The student will have no difficulty in adapting the proof of 
§ 14 to show that the mechanical force on a conductor is 

2ttg 2 IK per unit area . . . (12) 

(vi) Equation (11) enables us to complete the identifica¬ 
tion of K. For if we have two exactly similar condensers 
except that one is filled with a medium of uniform dielectric 
constant K y and the other is in free space ; and if we charge 
them so that the plates have the same charge density a in 
the two cases, then the field in the first is l/K times the 
field in the second. Hence the potential difference is l/K 
times as great. But the capacity C is merely charge divided 
by potential difference. So the capacity of the dielectric 
condenser is K times the capacity of the vacuum condenser. 
This identifies K as defined by (5) with the dielectric constant 
introduced by Faraday. 

(vii) Next suppose that we have a single charge e in a 
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medium K , and let us apply the flux theorem (8) to a oon- 
centric sphere of radius r. By symmetry D has the same value 
at all points of the sphere, and is directed radially outwards. 
Hence 4vr 2 D = 4tt6. So D = e/r 2 , E — e/Kr 2 , and the 
potential V = e/Kr\ It follows that two charges e v e 2 at a 
distance r in a dielectric repel each other with a force 


e i e 2 

Kr 2 


. (13) 


Thus the inverse square law still holds, but the force is reduced 
in the ratio K : 1. The subject of dielectric media is often 
introduced by means of (13). But we have preferred not to 
do so for two reasons. First, it is not easy to see just what 
is meant by force in the case of solid media (see § 31); and 
second, the formula (13) applies only if (a) K is constant, 
(6) the dielectric is isotropic and (c) it also occupies the whole 
of space. For these reasons it is more fundamental to base 
everything on the two equations (3) and (4) in which none 
of these restrictions occur. 

(viii) Since for an isotropic medium D = KB, and 
E = —grad V, it follows that D = —K grad V. Further 
div D = 47rp, so that Poisson’s equation (Chapter II, eq. 20) 
takes the form 

div (K grad V) = —47 rp . . . (14) 

If K is constant in any region this simplifies to 

V 2 V = -4t rpjK .... (15) 

It is important to realise that unless K is constant, there is 
no simple integral formula for V corresponding to Chapter II, 
eq. (12). In certain simple cases it may be possible to solve 
(15) directly, but unless the shape of the dielectric is 
particularly simple we have to resort to special methods (see 
Chapters IX and X), or else numerical approximation. 

(ix) Before we can solve equations (14) or (15) we must 
know what happens at the boundary of a dielectric. Fig. 21 
shows the boundary between a dielectric and free space. 
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Suppose that we take a unit charge round the path ABCDA 
shown dotted. As the electric field is conservative no net 
work is done. But if AD and BC are small enough we can 
neglect the work done along them ; it follows that the work 


Fig. 21 Fig. 22 

along AB is .equal to the work along DC . This is conveniently 
expressed by saying that if E a is the component of E in any 
direction lying in the common boundary, then at a change 
of medium 

E 8 is continuous . . . (16) 

The boundary condition for the normal component E n 
may most easily be obtained by noting (Chapter II, question 
12) that when we cross a surface layer of charge a the normal 
component of E changes by Attg. Now we saw at the end of 
§ 25 that if the polarisation is P there is an effective surface 
layer of apparent, or bound, charges equal to P n . Thus E n 
changes by 47rP n , and in the notation of Fig. 22 

E n i E n 2 = AnP n , 
i e. 

E n i = E n2 +AjrP n = D n2 . 

Since E and D are the same in free space, this implies that 
across the boundary 

D n is continuous.(17) 

An alternative proof may be obtained by applying the modified 
Gauss flux theorem (8) to a small cylinder in a manner similar 
to that of § 13. We leave it as an exercise to the reader to 
verify that (16) and (17) are equally valid on passing from 
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one dielectric to another, so that the boundary conditions 
are: 

E 81 = E a2 ; D nl = D n2i or K x E nl = K 2 E n2 • . (18) 

§ 27. Parallel plate condenser 

It is instructive to consider the particular example of a 
parallel plate condenser between the plates of which there is 
placed a slab of dielectric K. If we use the notation of 
Fig. 23 we shall distinguish three regions: in each region 


»'« V, v f v d 



Fig. 23 

both E and D are constant and are directed from one plate to 
the other. Let the potentials at A, B, C, D be F tt , V b , F c , V d re¬ 
spectively. Then from the fundamental relation E = —grad F, 
it follows that 

y _ y. Vu—V V — V, 

E y = , E t = E a = . (19) 

a o c 

Regions 1 and 3 are in free space and region 2 has dielectric 
constant K, so 

Di — E x , D 2 = KE 2 , D 2 — . . (20) 

From the boundary conditions (18) it follows that 
D\ — D 2 — D 2 — fi, say. 

So from (20) 

E x = E % = f3, E 2 = fijK. 

Using Coulomb’s law (10) we see that the charge density on 
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plate A is j8/4flr, so that if A denotes the area of the plates 
A and Z>, the condenser carries a charge )3A/47r. The total 
potential difference, from (19), is 

V a — y d ^ 0'E 1 -\~bE2~\-cE z = /J | a+ 

Hence the capacity of the condenser is 




Comparison with the formula Aj&nt for a condenser of thick¬ 
ness t in free space (§ 21) shows that the equivalent thickness 

of the given condenser is a + — + c. 

A 

Next suppose that A and D are attached to the terminals 
of a battery so that the potential difference V a — V d is kept 
constant. Now let us draw the dielectric slab away from 
the condenser. When the slab is wholly or partly withdrawn, 
the capacity C is reduced, and hence the charge on the plates, 
which is C(V a — F d ), is also reduced. This means that while 
the slab is being removed, a current will flow from plate A 
to plate D through the battery. Indeed this can be measured, 
if we have a sufficiently sensitive instrument. 

This condenser illustrates also the theorem on apparent 
charges at the end of § 25. For inside the dielectric slab the 
polarisation P is given by 

E^-^AjtP = D% — 

So 


Now P is constant so that div P = 0, and there is no apparent 
volume distribution of charge. But P n at surfaces B and C 

has the value T (~g - ) respectively. Thus according to 
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(2) we may replace the dielectric slab by a layer of charge 

per unit area on the surface B and an equal 

positive layer on the surface G ; we may then treat the 
problem as though there was no dielectric present at all. 
These two layers of charge would then be responsible for 
changing E x to E 2 , and E 2 to E z as we pass into and out of 
the dieleotric, as can soon be verified by the use of Gauss’ 
flux theorem. 


ft (K-l 
4*\ K , 


§ 28. Energy oi the field 

The previous formula (Chapter II, eq. 11) for the energy 
of the field W will need modification when dielectrics are 
present. However we can still start with the formula in 
Chapter II, eq. (10) : 

W = 2$eV — ijpV dv + iJorF dS, 

since it is easily seen that the second proof of this result in 
§ 16 is unaffected by the presence of dielectrics. We must 
now substitute div D == krrp, and D n = ±tto. With reasoning 
exactly parallel to that of § 16, we write 

ij>* 


The surface integral is taken outwards over the sphere at 
infinity—where a consideration of orders of magnitude shows 
that it is zero—and over the surface of each conductor, D n 
being measured into the conductor. Now V is constant on 


= I V div D dv 
8t rj 

= ifF D .dS + ifD.E*. 
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each conductor, and the inward normal component of D is 
—4ttct. We may therefore write the equation in the form 


ijpV dv+\\oVdS 

"• • - (21) 


Since E vanishes inside a conductor, the integration in (21) 
may be taken over the whole of space, including the 
conductors. 

According to this the energy is distributed over all space 


with density 


D.E 

87T 


With isotropic bodies we may write this 


“o— or o~Ty m ^ we are calculating the force on any conductor 

07T 077A 

using the formulae of § 22 this is the appropriate expression 
to use for the energy.* 

In the case of a crystalline dielectric the relation D = AE 
no longer holds. Taking the directions of x, y, z along the 
three crystal axes, A has a different value in each direction; 
we replace the one equation D = AE by the three equations 


D x = AA, D v * K z E yi D g = A 8 A z . (22) 


If K x = A 2 = A a the crystal is isotropic ; if two of the A’s 
are the same the crystal is uniaxial, and if all are different 
it is biaxial. In all cases when calculating (21) we can put 

D.E = AjAZ+A^+As®. 2 . • (23) 


§29. Minimum energy 

Suppose that we are given certain conductors and each 
receives a given fixed total charge. We can prove that these 
charges will distribute themselves over the surfaces of the 

* The student of thermodynamics will recognise that this is the 
thermodynamic free energy and not ordinary energy, a distinction 
that is important if K depends on the temperature or the pressure. 
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various conductors in such a way that the energy If is a 
minimum. For let E be the true field, and let E+E' be the 
field that arises when the charges are held fixed in different 
positions on the conducting surfaces. In this condition the 
surfaces of the conductors will no longer be equipotentials, 
but since the total charge on each conductor is unaltered 
in the transformation from E to E+E', we may apply Gauss* 
flux theorem to each conductor in the form 


J KB . dS =47 rX total charge on conductor = 


Jx( E+E').dS. 


So 


j* JSTE'.dS =0 


• (24) 


We are supposing that there is no volume distribution of 
charge so that 

div KB = 0 = div Z(E+E ; ), 
i.e. 


div KB' = 0.(25) 


Our next step is to prove that the integral of KB. E' 
through all space outside the conductors, is identically zero. 
In fact, if V is the potential due to E, 

j* KE .E' dv = - J JSTE'.grad V dv 

= - J{div KE'V- V div KE'} dv. 

The last term on the right-hand side vanishes, by (25). The 
other term may be transformed by Green’s theorem into an 
integral over the sphere at infinity together with integrals 
over the surface of each conductor. Considerations of order 
of magnitude show that the contribution from the sphere at 
infinity is zero for any finite system of charges ; the contri¬ 
bution from any conductor isjZFE'.dS, where dS is 
measured outwards from the conductor, Now V is constant 
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on each such surface ; so, by (24) all these terms vanish 
and it follows that 

fxE.E' dv = 0. 

But if W + W' is the new energy 

W' = i. J (tf(E+E') 2 — 

= J {2KE.E’+KE' i )dv 

J 877 


Since K is positive W* is always greater than zero showing 
that in the actual position taken up by the charges IT is a 
minimum. Electrical energy therefore plays the same role 
here as potential energy does in mechanics. 


§ 30. Stresses in the medium 


According to Faraday the tubes of displacement D are 
in a state of stress; it is this stress which gives rise to the 


energy 


P.E 

8tt 


and is responsible for the apparent action-at-a- 


distance between charges. Let us see whether we can discover 
a stress system which will account for the inverse square law 
in an infinite medium of dielectric constant K. We shall find, 
as Maxwell discovered, that it is necessary to suppose that 
tubes of D are not only in a state of tension, but th&t they 
also exert a force perpendicular to their direction on neigh¬ 
bouring tubes. 

Consider two charges ±6 at A and B, a distance 2a apart 
(Fig. 24). According to (13) the force between them is 
e a /4JTa a in the direction AB. If the tubes of D are in a state 
of stress, this is the force that they must exert across 
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any boundary which completely separates the charges. In 
particular this is the force across the 
mid-plane PO . We choose this plane 
because at all points P the tubes of 
force cross the plane at right angles 
and we have only to consider the 
tension in the tubes : the repulsion 
between neighbouring tubes will make 
no contribution to the force e 2 /4:Ka 2 for 
this is perpendicular to the plane PO. 

Let f(D) be the tension exerted 
across unit area of a tube where the displacement is D. 
Our problem is to calculate the form of the function/. 

Now the total pull across the mid-plane is f f(D)dS, where 

dS is an element of area in the plane OP, and the integration 
extends over the whole plane. As D depends on OP and not 
on the azimuthal angle round AB, we can put 

dS - 2tt OP d(OP) = 2t7« 2 dd. 

cos 3 9 

Thus 

e 2 fTr/ii g j n q 

——- = total pull across plane = f(D) 2tt a 2 —^ dO . 

4:Ka 2 Jo cos 8 0 

But the value of D at the point P is merely the sum 
of the values due to the charges ±e separately, so that 

D = ~ cos 9 = ~ cos 3 9. Hence 
r 2 a 2 

e 2 _ f 1 , /2e cos 3 9\ sin 9 

Stt Ka* ““ J Q J \ a 2 ) cos 3 9 

This equation is to be true for all values of e. But e occurs 
in the form e 2 on the left-hand side; it must therefore occur 
in the same way on the right. This is only possible if 

3 
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/(D) = AD 2 , where A is some constant to be determined. The 
equation then gives 

e 2 C\ /2e cos 3 d\ 2 sin 6 ~ Ae 2 

8^#o* J () A \ *~) 

Thus A = 1/877#, so that the tension /(D) along a tube of 
force takes the form D 2 /#7tK, or KE 2 /8tt, or (D.E)/87r. 

We have still to discuss the force between neighbouring 
tubes. To do this we replace the charge — e at B in Fig. 24 
by a charge +e and consider the Coulomb repulsive force 
between the two charges +e at A and B. We leave it as an 
exercise to the student to show, by reasoning similar to that 
just used, that the appropriate force is obtained if each 
tube exerts on neighbouring tubes a repulsion KE 2 /8tt per 
unit area. 

These arguments have shown that in the particular case 
of two equal charges we need to assume a tension and pressure 
along tubes of force, each of amount KE 2 /8tt. As these 
forces only involve the local values of K and E, it is reasonable 
to suppose that the same stress system would apply in other 
cases, and that the precise origin of the field is immaterial. 
It can indeed be proved that these stresses do give the correct 
mechanical forces whatever the charge distribution. But 
we shall content ourselves here with noticing that at the 
surface of a charged conductor where the tubes of force 
leave normally, we should expect them to exert on the 
conductor a mechanical force equal to /(D), i.e. KE 2 J8n per 
unit area. This agrees exactly with the value previously 
deduced from Gauss’ law in (12). 

There is an interesting application of these results to the 
force at the boundary between a dielectric K and a vacuum. 
If the field is given, as in Fig. 25, by the continuous vectors 
D n and E s , it is seen that there is a mechanical force on the 
dielectric whose normal component is 
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directed from the dielectric into the vacuum. Since JKT>1 
this force is always positive. 

We have supposed in the above that the dielectric is 
incompressible. It is possible to 
show, though we shall not do so 
here, that if K varies with the 
pressure and density, there are 
other forces exerted in the dielec¬ 
tric by an electric field : one of 
their effects is to contract or 
expand the dielectric, the pheno¬ 
menon known as electrostriction, by observation of which 
the theory may be tested. 

§ 31. Cavities in a solid dielectric 

We have hitherto defined E at any given point as the 
force on a unit charge placed at that point. This is quite 
satisfactory if the medium is a liquid or a gas for the charge 
can move and hence the force on it may be determined. But 
if the dielectric is solid, it is rather difficult to see what is 
meant by the definition of E, since to measure it we have to 
excavate a small hollow in the medium and imagine our 
charge to be placed inside this hollow ; it is then no longer 
in the dielectric medium ! We are therefore led to consider 
the field inside such a cavity. There are two types of cavity 
that are particularly important; we may refer to them 
as needle-shaped and disc-shaped. In Fig. 26a we have 
supposed a cavity to be made having the shape of a thin 
disc whose plane is perpendicular to the direction of E ; in 
Fig. 26b the cavity is needle-shaped, pointing in the same 
direction as E. Both cavities are small; all round them 
the dielectric constant is K , but inside them it is unity. 

Now at points inside the dielectric, but fairly near the 
cavities, the electric field may be regarded as the sum of 
two parts. One part is the undisturbed field, which was 
there before the cavity was made, and the other is the 
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perturbing effect of the cavity. But if all the dimensions of 
the cavity are small, this latter contribution is small (this is 
verified in more detail later, §§ 75, 76), so that the field 
outside the cavity is effectively the same as if there were no 
cavity at all. Let us call this E. 

In Fig. 26a it follows from symmetry that in the central 
part of the cavity the lines of force go straight across the 



Fig. 26a.—D isc-shaped cavity ; 
measures D. 





Fig. 26b.—N eedle-shaped 
cavity; measures E. 


gap ; near the sides they will bend a little due to edge effects. 
But if the radius of the cavity is much greater than the 
thickness, the electric field near A may be regarded as uniform, 
and is related to E by means of the continuity conditions 
(18). Thus the field E^ in the central part of the cavity is 
directed across the cavity parallel to E, and from the fact 
that KE n is continuous it follows that 

E^i = K'E — D, 

so that the force on a unit charge placed in the cavity of the 
shape of Fig. 26a will measure the displacement D in the 
solid and not the field E. Similarly in Fig. 26b, the field at 
A will be parallel to E since the edge effects from B and C 
will be insignificant. So the boundary condition that the 
surface component of E is continuous tells us that 

Ea=E, 

and the force on a unit charge in a needle-shaped cavity will 
indeed measure the internal field E in the solid. Cavities 
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of different shapes will measure different combinations of D 
and E. We shall show in Chapter IX, for example, (§ 76), 
that in a small spherical cavity the field is 3D/(1+2X). 


§ 32. Examples 

1. Show from a consideration of the boundary conditions 
(18) that at a change of dielectric medium lines of force are 
refracted according to the law K 1 cot 6 t — K 2 cot 0 2 , where B x 
and 0 2 are the angles between the directions of the field and the 
common normal to the boundary. 

2. S t and S 2 are two equipotential surfaces completely 
surrounding an electrostatic system on which the net charge 
is Q ; their potentials are V l and V 2 and there is no dielectric 
between them. Prove that if and S 2 are taken to be the 
plates of a condenser and the medium between them is of 
uniform dielectric constant K , the capacity is KQ/(Vi—V 2 ). 

3. A spherical condenser consists of two concentric spheres 
of radii a and d. Concentric with these and lying between them 
is a spherical shell of dielectric K bounded by the spheres r—b, 
r = c. Show that if a<6<.c<d, the capacity G of the condenser 
is given by 

11 1 1-X/l 1\ 

C ~ a ~ d + K U~c/' 


4. Show that the polarisation vector between r — b and r = c 
K — 1 Q 

in the previous question is X directed radially, Q being 

4:7tK r 2 

the charge on either plate of the condenser. Show that the 
equivalent bound charges (see § 25) are p — 0 together with two 
surface layers 

-i Q 


K-l Q K 

~ and <t e = 


4t tK b 2 


4ttX c s 


at the boundary of the dielectric. 

5. A condenser is formed of the two spheres r = a, r — b 
(6>a) with uniform dielectric K . The dielectric strength of the 
medium (i.e. the greatest permitted field strength before it 
conducts) is E 0 , Show that the greatest potential difference 
between the two plates, so that the field nowhere exceeds the 
critical value, is E 0 a(b—a)/b. 
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0. If in the previous question the j)otential difference is 
gradually increased beyond the critical value so that charge can 
flow into part of the dielectric, show that the condenser does not 
break down completely until the voltage is increased to E 0 {b—a), 
Investigate the distribution of charges when this latter condition 
is reached. 

7. The slab of dielectric in Fig. 23 is partly removed from 
between the plates so that of the total area A an area x is covered 
with dielectric and A— x with free Space. Assuming that the 
lines of force go straight from one plate to the other, show that 
the capacity C is given by 

c- , A 

4ir(«+6+e) 4tt-(«+6+c) (a + ^ 

Calculate the energy and show that if the charge on the plates 
is kept constant the dielectric is drawn into the condenser. 

8. There is a point charge at. the origin in an infinite dielectric 
medium K. Verify that the stress system of § 30 is such that 
there is no resultant force on the volume confined between the 
spherical surfaces r — u, r — b and a diametral plane through 
the charge. 

9. A conducting sphere of radius a in an infinite dielectric 
medium receives a charge Q. It is now divided in two by a 
diametral plane and the halves are slightly separated. Show 
by a consideration of the stresses between tubes of force that 
the one part exerts on the other a force Q 2 l%Ka 2 . Verify that this 
is exactly equivalent to the vector addition of forces 2itcPIK per 
unit area of surface, where a is the surface density of charge. 

10. A condenser consists of the conducting spheres r = a, 
r = 6. The dielectric constant is independent of r but varies 
with direction. Write down the differential equation for the 
potential, and show that it is satisfied by the expression 
V = A -f B/r, where A and B are constants. Show that B is 
related to the charge Q on the inner sphere r = a by the equation 

47 tQ = B j Kdcj, d<o being an element of solid angle. Hence 
show that the capacity of the condenser is 

S Kdw - 
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11. Show that in an electrostatic problem in which the 
potential depends solely upon the radial distance r, the differential 
equation for V is 


1 £ ( 

?dr \ 


r 2 K 


dV 

dr 


) = —4”P- 


A charge e is placed at the origin in a medium in which the 
dielectric constant is 1 -j-a/r. Show that the potential is 



r-j-a 

r 


12. A small particle of polarisability a is placed in an in¬ 
homogeneous field E. Show that the force on it is \a grad E 2 . 
(Note that this implies that a small dielectric particle moves 
towards places of higher field strength.) 

13. Write out the steps required to obtain equation (12). 

14. Show that the energy expended in polarising a dielectric 
is %lcE 2 per unit volume. Deduce that the energy of the field, 

E 2 

regarded as the sum of the energy — in the aether and $kE 2 in 

87T 

r D.E 

the dielectric, is —— dv. 

J 87 T 

15. V and V' are the potential functions due to two different 
distributions of charge on a given series of m conductors. There 
are no other charges present. Show that if a is the vector 
KV' grad V —KV grad V', then div a = 0. Next, using the 

divergence theorem J a.dS = J div a dv , deduce Green's 

Reciprocal Theorem (cf. § 23, ques. 3) that if the conductors 
carry charges Q jf Q/ and their potentials are V jf V/, then 

ZQjV/ - EQ/Vj. 


16. . . . S m are m conductors carrying charges Q x . . . Q m 

at potentials V x ... V m . A new conductor S m+1 is introduced 
carrying a charge Q m+1 , and the new potentials are found to be 
Vi* . . . F m ' +1 , The two fields are E and E'. Show that 

J KE.E'dv = J KE'.E'dv-4nQ m+1 V m ' +l , the integration being 
over all space outside the m+1 conductors. Deduce that if the 
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new conductor is either uncharged or put to earth, the electrical 
energy is diminished (cf. § 17). 

17. The volume charge distribution p in a given electrostatic 
system, and the total charge on each conductor, are kept un¬ 
altered, but the dielectric constant is changed from K to K+K\ 
K and K' are not necessarily constant throughout all space. 
The value of the field changes from E to E+E'. E' and K' 
are small quantities. Show that div KB' = — div K' E, and 

J iTE.dS = - J KE'.dS over each conductor. Further, 
writing E = — grad V, and using Green’s theorem, prove that 
j KB.B'dv ~ — K'B.B dv and deduce that the change in 
r K'E* 

energy is — —— dv. (Notice that this proves Thomson’s 

J 07T 

theorem that an increase in the dielectric constant without 
alteration of charges decreases the energy of the field.) 

18. Show that the field inside the cavities of Fig. 26 in § 31 
may be obtained by the use of the apparent charges discussed 
in § 25. 
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STEADY CURRENTS 

§ 33. The current vector 

In our previous chapters we have considered only problems 
in which the electric charges were at rest: if charges are 
moving we say that there is a conduction current. This 
current is measured by the rate at which charge crosses unit 
area. In metals (see § 2) the conduction current is carried 
entirely by the conduction electrons ; but in electrolytes 
both positive and negative charges are moving and the total 
conduction current is the algebraic sum of the two individual 
currents. In this chapter we shall only be concerned with 
steady currents, that is, problems in which the current 
flowing is independent of the time, though it may vary from 
place to place. Suppose that at a point P the charges are 
moving with mean velocity v ; then if there are N charged 
particles per unit volume and they each carry a charge e, 
we define the conduction current vector, or current 
density j, at P by the relation 

j = Nev . . . . (1) 

The direction of j is the direction in which the current flows ; 
the magnitude of j is a proper measure 
of current density, for if dS is an element 
of area (Fig. 27) all the charge within the 
tiny cylinder standing on dS as base and 
having generators of length v will cross 
dS in unit time. The volume of this 
cylinder is v.dS, so that the total charge 
involved is Nev . dS, i.e. j. dS. Following 
the precedent of § 9, we call this the flux of j across dS. 
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We can similarly speak of the flux of j across any larger 
surface ; this quantity will be given by the surface integral 

J j.dS. (2) 

It is important to realise that our definition of j shows 
it to be a vector quantity. We must not therefore confuse 
it with the total current i flowing in a given wire, a physical 
phenomenon with which we are all quite familiar. In fact, 
this latter quantity may be obtained by calculating the flux 
of j across any surface cutting through the wire. Thus 

»=-JjdS, .... (3) 

where the integration is over any cross-section. It may or 
may not happen that j is constant over this cross-section. 

Since j is a vector quantity we shall have lines and tubes 
of j just as we have previously discussed lines and tubes of 
E and D. We describe these as lines of flow, and tubes 
of flow. The differential equation of the lines of flow is 

dx dy dz ^ 

jx iv iz 


Let us draw any closed surface 8 and consider the balance- 
sheet of charge inside 8. If p is the volume density of charge 

the total included charge is J pdv, and the rate at which 


this is decreasing 




dv. This decrease is due to the 


outward flow of charge from 8, so that by (2) 


■JW 


j.dS 


(») 
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Transforming the right-hand side by the divergence theorem 

W °8 et /*/ 8p\ 


/( divi + l) 


dv = 0. 


Since this result holds true for any volume, the integrand 
must vanish identically. This proves the equation of 
continuity 


div j — 


dp 

at' ‘ 


• ( 6 ) 


An exactly similar equation occurs in the flow of liquids.* 
The present chapter is solely concerned with steady con¬ 
ditions, so that ~ vanishes. In this case the equation of 
ct 

continuity simplifies to 

div j = 0 . . . . (7) 

The flux equation (5) needs modification if our surface 8 
encloses any source of current. Places where current enters 
or leaves a conductor are known as positive and negative 
electrodes. If we draw 8 to surround an electrode the total 
flux out of S must equal the current i flowing from the 
electrode, sometimes called the strength of the electrode. 
Thus 

f j.dS _* . . . . (8) 


This current i is clearly equal to the total strength of all the 
tubes of flow that start on the surface of the electrode. 


§ 34. Conductivity 

We must now consider in more detail the means whereby 
a current flows. In the first place, as can be seen experi¬ 
mentally by joining together two charged conductors, currents 
flow from regions of higher potential to regions of lower 

* Of. Rutherford, Vector Methods , 1946, p. 104. 
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potential. As we are here concerned with steady flow, the 
potential will have a definite constant value at any given 
point, the necessary differences of potential at the electrodes 
being maintained by an accumulator or battery. 

In the second place the velocity v of the charges, introduced 
in (1), is surprisingly small. For example,* in a wire of 
1 sq. mm. section carrying a current of 1 ampere, the value 
of v is of the order of 1 cm. per second. This is very much 
less than the random velocities of the electrons which are of 
the order of 10 7 cms. per second. This is important for two 
reasons : one is that the flowing of even a large current makes 
very little difference to the general distribution of velocities, 
so that many quantities, e.g. the time between two collisions, 
are unaffected by the current; the other is that the mean 
velocity v of the charges lies in the same direction as the 
field E causing the motion. This would not be the case if, 
for example, the electrons were able to acquire a large drift 
momentum, for when the direction of E changed, this 
momentum would resist any change in the direction of flow. 
As it is, we have the result that j and E are parallel vectors. 

Experimentally it is found that j is proportional to E, 
and we write 

j = oE, . . . (9) 

where a is the conductivity of the metal. The conductivity 
varies with the temperature, but is independent of the 
shape of the conductor. We can understand this law, which 
is known as Ohm’s law, by the following argument, due to 
Drude. 

Consider a particular conduction electron. There is an 
average time t between successive collisions of this electron 
with the non-conducting material of the metal. If we suppose 
that after each such collision the electron rebounds in a perfectly 
random direction, then the drift velocity v in the direction 
of the field represents the mean additional velocity acquired 


* iS’ee Jeans, Electricity and Magnetism, 1927, p. 307. 
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by the electron in the interval r between successive collisions. 
If the field is E and the electron has charge e and mass m 
the force on it is eE, so that its acceleration is eE/m in the 
direction of flow. This acceleration does not vary with the 

1 eE 

time, so that the mean drift velocity v is given by v ■= - — r. 
But, from (1), j — Nev ; so eliminating v, 


j 


2m 


This is Ohm’s law, with the condition a = Ne 2 rl2m. For 
copper a is about 5 x 10 17 in c.s.u., and e 2 /2 m is about 1*3 X10 8 , 
so we should require Nr = 4 x 10 9 approximately. The 
number N of free electrons is about 2x 10 22 per c.cm., so that 
r is roughly 2 x 10~ 18 secs. This is the time between successive 
collisions. If we assume, on other grounds, that the average 
velocity is about 10 7 cms. per second, this gives a distance 
of about 2xl0“ 6 cms. between collisions. Since the distance 
apart of neighbouring nuclei is about 2xl0 -8 cms., this 
explanation of Ohm’s law is entirely reasonable. It is true 
that recent quantum theory has thrown doubt on several 
details of the argument above, but it is still true to say that 
this represents in essence a correct picture of the conduction 
current in a metallic conductor. In particular it explains 
why j is proportional to E, and why the conductivity is a 
constant dependent only on the material of the conductor. 
The quantity 1 /or is known as the specific resistance, the 
reason for which we shall see shortly. 

In non-isotropic conductors, e.g. certain crystals, the 
current may flow more easily in some directions than in 
others. In such cases we may choose our directions of x> y, 
and z so that (9) is replaced by the three equations 

ix = °l^ac> jy ~ jz = z* 


We shall not, however, discuss such problems in this book. 
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§ 35. Differential equations of the field and flow 

We are now in a position to summarise the equations that 
determine the field and flow. Thus : 

(i) E — —grad V. . . . (10) 

(ii) j - <xE, . . . . (9) 

(iii) div j — 0.(7) 

Combining (i), (ii) and (iii) we have the differential equation 
for V: 

(iv) div(o-grad F) = 0 . . . (11) 

In the particular case when a = constant, this last equation 
reduces to Laplace’s equation 

\7 2 F = 0 . . .(12) 


In addition we have the boundary conditions :— 

(v) V is continuous, and at the surface of an electrode 
where a battery is providing charge at a definite potential, 

V is constant . . . . (13) 

(vi) This last condition, combined with (i) and (ii), shows 
that current leaves an electrode normally, and we have already 
seen that if the total current leaving an electrode is ?, then 

J* j. dS = i . . . . (8) 

(vii) At the boundary between a conductor and an 
insulator or vacuum there can be no normal flow of current, 
so that 

jn ~ 0.(14) 

An example of this last result is found in a wire, where, 
however bent the wire may be, the normal component j n — 0 
at all parts of the wire’s surface. 

Equations (i) to (vii) constitute the differential equations 
of steady flow. 
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§ 36. Resistance 

Suppose that we have a conductor of any shape with a 
current i entering at one electrode and leaving at another. 
If the difference of potential between the two electrodes is 
F, we define the resistance R of the conductor as the ratio 

R == F/i . . . (15) 

It is easy to see that R is a property of the conductor and not 
of the current flowing through it, since if j is everywhere 
increased by a constant factor k, both F and i will be similarly 
increased so that F/i remains constant. Equation (15) 
is sometimes referred to as Ohm’s law. But it is less 
fundamental than (9), from which indeed it follows. 

Consider for a moment the particular case of a straight 
wire of length l and constant cross-section A, the electrodes 
being plane sections perpendicular to the wire, with potentials 
V x and F 2 . All the conditions (i) to (vii) are satisfied if j is 
constant throughout the wire and equal in magnitude to 
cr(Fi — F 2 )/i. The total current is i = jA = aA{V 1 —V 2 )/l. 
Hence according to (15) the resistance must be 1/aA. 

If the wire is a block of unit sectional area and unit length, 
the resistance is simply 1/a ; this justifies our calling 1/a 
the specific resistance in § 34. 


§ 37. Heat loss 

It is easy to see that there is a loss of electrical energy 
when a current flows: for charge is continually falling 
from regions of higher potential to regions 
of lower. We can calculate this loss of 
energy, which shows itself in the generation 
Ojf heat, by considering (see Fig. 28) what 
happens in a small element AB of a tube 
of flow whose length is ds and cross-section 
dS. In unit time a total charge jdS flows 
into the volume at A and an equal charge 
flows out at B, There is a drop of potential V A — Fjj, and 



Fig. 28 
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hence the rate of loss of electrical energy in this small volume 
is ( V A — V B )j dS. But V A —V B = E ds, and the volume 
element AB is dsdS, so that the rate of loss of electrical 
energy * is jE per unit volume. Since j and E are in the 
same direction we may write this j. E. The total rate of loss 
is therefore 

f j .E dv — f crEHv . . . (16) 


We can transform (16) by using the divergence theorem. 
Thus 


/ 


.E dv = 




Fj — V div j }dv. 


The integral of the second term on the right-hand side vanishes 
since, by (iii), div j = 0. The integral of the first term may 

be transformed by Green’s theorem, and gives — JVi.as, 

where the integration covers the entire surface of the 
conductor. At a boundary between the conductor and a 
vacuum or a non-conductor, by (vii) j n = 0; at each 
electrode, from (v) and (vi), remembering that the direction 
of dS is out of the conductor, i.e. into the electrode, we get 
a contribution Vi, where V is the potential of the electrode 
and i the current flowing out from it. So the total loss of 
energy per unit time is EVi . 

A simple explanation of this formula is obtained if we 
realise that at an electrode of potential V from which a charge 
i flows out in unit time, electrical energy is being provided 
at a rate Vi. EVi therefore represents the total rate of 
provision of electrical energy, and hence, since the currents 
are steady, this must also be the rate at which electrical 


* Measuring j and E in electrostatic units. A constant of pro¬ 
portionality is required if, as usually happens in practice, j is measured 
in electromagnetic units. See Chapter VI, 
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energy is being converted into heat energy. It is sometimes 
referred to as the Joule heat loss. The mechanism of this 
change of energy is soon recognised from our description in 
§ 34. During the time between two collisions, each conduction 
electron acquires a forward momentum in the direction of the 
current. At the moment of collision this is communicated 
to the fixed substance of the conductor, the nuclei of which 
will therefore vibrate with more energy. According to the 
Kinetic Theory this energy of vibration may be described as 
heat, and reveals itself in a rise of temperature. 

If our conductor has just two electrodes at potentials 
V x and the currents flowing out from them must be 
+i and — t, so that the Joule heat loss may be written in 
either of the forms 

(V x -v 2 ) i -= m - (V.-V^/R . . (17) 

Students of physics will recognise this formula as the one 
generally used in calculating the heat produced in a wire 
carrying a current. 


§ 38. Comparison with electrostatics 


If we compare the equations of current flow (i) to (vii) 
of § 35, with the equations of the electrostatic field in 
Chapter IV, we shall notice that the two sets are exactly 
equivalent mathematically, provided that we put p = 0 in 
the electrostatic problem. Thus, putting corresponding 
quantities in parallel columns : 


j = <tE 
div (or grad V) = 0 

electrode equation Jf.dS-i 
heat loss j<jE 2 dv 


D = KE, 

div (K grad V) = 0, 

Gauss’ equation J* D. dS =4 ttQ, 

electrostatic energy f dv. 

J 


It therefore follows that any theorem proved for electrostatics 
has an exact analogue in the flow of steady currents. In 

jr 
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particular, if we have solved the problem of a condenser with 
two plates at definite potentials V 1 and F 2 , carrying charges 
±Q , so that the capacity C is QI(V X — F 2 ), we get immediately 
the solution for a steady How of current between two electrodes 
at potentials V x and V 2 in a medium whose conductivity has 
the same numerical value as the previous dielectric constant. 
The equations listed above show that the current i is 
numerically equal to 4arQ. But the resistance i? is 
{V 1 —V 2 )li which clearly has the same numerical value as 
(Fjl—F 2 )/47tQ, that is 1/47 tC. Thus the resistance of a 
conductor corresponds in the mathematical analysis to 1/477(7. 

The equivalence of the mathematics for the two types of 
problem enables us to state at once : 

(a) If given total currents flow from certain electrodes 
the current density in the medium distributes itself in such 
a way that the Joule heat loss is a minimum (cf. § 29). 

(b) If the conductivity of any part of a conductor is 
increased, the resistance of the whole conductor will be 
decreased (cf. § 32, ques. 17). 

(c) If, when a series of electrodes are kept at potentials 
V v F 2 , . . . the currents leaving them are i v i 2 , . . . : and 
if when the potentials are changed to F/, F 2 ', . . . the 
currents are i Xi i 2 \ ...» thenZiV' = Zi'V (cf. § 32, ques. 15. 
This is another case of Green's reciprocal theorem.) 

The student is advised to prove these results directly, 
without reference to the earlier work ; this will familiarise 
him with the technique and fundamental equations of this 
chapter. 

§ 39. A worked example 

In media where the conductivity is constant, the 
potential equation (11) is merely Laplace's equation V 2 F = 0. 
If we take any solution of this equation, F = V{x, y , 2 ), it 
gives us the solution of a problem in current flow between 
electrodes whose shape coincides with any two of the equi- 
potential surfaces V(x, y, z) = constant. 
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In plane polar coordinates (r, 0 ) the function V = c0 is a 
solution ofV 2 F = 0, if c is a constant. Equipotential surfaces 
are given by 0 = constant. The 
field is given by E= —grad F. 

Its magnitude is c/r and it is 
directed perpendicular to the radius 
vector. Thus the current j = oE 
flows in circles about the origin. 

This is clearly the solution for the 
flow of current in a thin strip 
(shown shaded in Fig. 29), lying in the xy plane, bounded by 
any two concentric circles and having the lines AB, CD as 
electrodes. 

The total current leaving AB {9 — 0) is f j.dS. If t is 



Co 

the thickness of the strip, then since j — -, this becomes 


—cot 



-cot log 


But the difference of potential between the electrodes AB 
and CD is —ca, where a = /_AOC. Hence the resistance of 
the strip is 



§ 40. Networks 

We have not so far referred in detail to the mechanism 
whereby a potential difference is provided between two 
electrodes. The most convenient source of potential is a 
battery, or accumulator, in which the energy needed to 
make the current flow arises from chemical action between 
the plates, or terminals, of the battery. For our purposes 
it is sufficient to regard a battery as a discontinuity in 
potential, and we shall speak of the electromotive iorce 
(e.m.f.) of a battery as the difference in potential between its 
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terminals. If the battery is joined to the two electrodes of a 
conductor, and if we may neglect any internal resistance in 
the battery, the e.m.f. must be exactly equal to the drop in 
potential from one electrode to the other. To distinguish 
the e.m.f. from the field E, we shall label it £. 

Suppose we have a wire AB of resistance R carrying a 
current i. The drop in potential between its ends is Ri. 
But if there is also a battery £ (Fig. 30), the drop of potential 
is Ri—£y since on crossing the battery in the direction from 
A to B there is an increase of £ in the potential. 


A D 



Fra. 30 Fjg. 31 

If we have a series of wires joined together in any way, 
we describe the result as a network. Some or all of the wires 
may contain batteries. If current is generated wholly or 
partly by outside batteries we call it an open network ; 
but if the system is complete in itself with no outside 
connections it is a closed network. Fig. 31 shows an 
example of a closed network containing two batteries, in the 
arms AB and DE. 

Let the current in AB be called i AB and be positive if the 
direction is from A to B. Then i AB = —i BA . Similarly let 
the total e.m.f. in AB be £ AB , and be positive if, as in Fig. 30 
the positive terminal is towards B, Thus, in Fig. 31, £ AB 
and £ de are positive, all the others being zero. 

Since no current is being stored up at any point of the 
network, the total current leaving any juncture such as A 
must be zero. Thus 

^AB^AE^AD = 0 • • • ( 18 ) 



STEADY CURRENTS 


85 


This is Kirchhoff’s first law ; there is a similar equation 
for each of the points in the network. 

We can establish another series of equations by selecting 
any complete circuit in the network. Thus let us select the 
circuit ABE A. Evidently the total drop in potential round 
this circuit must be zero. Hence we obtain Kirchhoff’s 
second law: m ~e) = 0, . . . <1») 


the summation being over all the elements in the circuit 
taken in a continuous direction round the circuit. Each 
possible circuit gives a separate equation. However not all 
these are independent. For example, the circuits ABEA 
and BCEB give two equations which when added together 
are equivalent to the equation from ABOEA. The complete 
system of equations provided by Kirchhoff’s two laws is 
sufficient to solve completely the problem of current dis¬ 
tribution in the arms of the network. The theory of networks 
has been developed quite extensively by electrical engineers, 
but we shall be content with one example to illustrate the 
way in which calculations are made. 


§ 41. The Wheatstone Bridge 

Consider the closed network in Fig. 32, known as Wheat¬ 
stone’s Bridge. The only battery is in the arm AC, supposed 


H 



to have zero resistance. Let the other resistances be B v 
• • • -®5 as shown, and the corresponding currents 
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< 1 , i 2 . . . i 5 ; i being the total current taken from the 
battery £. 

Applying Kirchhoff’s first law at A, B, C and D in turn, 
we get . 

— 1*9 *i — H 

*2"Ha == H H ^ ^'3— H* 

Applying the second law to the circuits ABBA, BCDB 
and ABCEA , we get 

” -®4*4> ^2 -®6^*6 = -®3^3> «®l*l~MV2 ^ 

When these equations are solved the currents are known in 
all branches of the network. The most interesting case is 
that in which the resistances are adjusted so that no current 
flows through BD . This is generally tested by having an 
ammeter or galvanometer in this arm. Then 

fi = H = Hi H = 


Eliminating the ratios of the currents we obtain the familiar 
condition which gives us any one resistance in terms of the 


other three : 




== ^2^4 


. ( 20 ) 


§ 42. Heat generated in a network 

A network of conductors is merely a particular case of a 
conductor, so that the theorem proved in § 38 {a) for the heat 
generated by a flow of current may be applied directly. This 
gives us the following result:— 

If in an open network containing no batteries, a total 
current i is introduced at one point and removed at another, 
the current will distribute itself over the branches of the 
network in such a way that the heat generated in the network 
is a minimum. 

There is a corresponding theorem which applies in a 
closed network. The result, which we shall not prove, is that 

Z i AB( R An i AB-’2£ AB ) is a minimum . . (21) 
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§ 43. Examples 

1. Twelve equal wires of resistance R are joined at their 
ends to form the edges of a cube. If current enters and leaves 
at opposite comers of the cube, show that the resistance is 
512/6, and if it enters and leaves at two ends of one wire the 
resistance is 712/12. 

2. A set of resistances R x . . . R n are joined in series (c.f. 
§ 21). Show that the total resistance R equals R t + . . . +12 w . 
But if they are joined in parallel 

111 l 

R ~ #i + ^ + ' ‘ ‘ + R~ n ‘ 

3. Show, on the basis of Drude’s theory of conduction (§ 34) 
that the rate at which energy is given up by the conduction 
electrons to the non-conducting material of the conductor is 
j.E per unit volume. Notice that this provides another proof 
of the Joule heat loss (16). 

4. Show that in steady flow the strength of a tube of flow 
is constant along its length. 

5. Show that lines of flow are refracted at the boundary 
between two media of different conductivities. 

6. Show that if a steady current with normal component 
j n is flowing across the boundary between two conducting media 
in which the dielectric constants are K x and K z , there must 
be a charge density on the surface of magnitude 

4 it NOg cri / 

7. A conductor is in the form of a cylinder of arbitrary cross- 
section 8 bounded by two almost parallel plane sections. If t is 
the distance between corresponding points on the two ends, 
show that the resistance R is given by 

1 rdS 

R ~°J t ‘ 
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8. Prove equation (21) that if in a closed network of wires there 
are batteries of e.m.f. Sab then the currents distribute them¬ 
selves in such a way that EIab (Rab^ab^Sab) is a minimum. 

9. Use the result of equation (21) applied to a closed network 
of wires in which there are batteries of fixed e.m.f. to show 
that if any two points of a network are joined by a wire of 
arbitrary resistance the total heat generated is increased. Show 
also that if the original network is an open one in which there 
are no batteries its resistance is decreased by joining any two 
points. 

10. Prove the theorems (a), (b ), (c) of § 38 for the flow of 
current without quoting the corresponding theorems proved in 
electrostatics. 

11. Use Green’s reciprocal theorem (§ 23, ques. 3) to show 
that if AB and CD are two arms of a closed network containing 
no batteries, then the current in AB when an e.m.f. S is in¬ 
troduced in CD is the same as the current in CD when the 
e.m.f. is introduced in AB. If a battery in AB produces no current 
in CD, AB and CD are called conjugate conductors. Show that 
in this case a current entering the network at A and leaving at B 
produces no current in CD. 


12. C is a closed curve in the xy plane lying entirely on the 
positive side of the y axis. This curve is now rotated through 
180° about the y axis. The volume between the curved surface 
so formed and the two plane ends is filled with a uniform 
conducting material. If when the two ends are electrodes the 


1 u r dS 

resistance is R, show that — = - —, where the integration is 

R 7T J x 

over the area embraced by the curve C. 


13. Show that the potential function V ~ a( -) represents 

' r i tJ 

the flow of current between two small spherical electrodes in an 
infinite conducting medium, r 1 and r 8 being distances from the 
centres of the two electrodes. If the electrodes are of small 
radii c x and c 2 placed a distance a apart show that the 
resistance between them is approximately R l -\-R 2 , where 
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p x = (a—c^jlrraacv R t — (a~c a )/47raac a . This result allows 
us to speak of an electrode resistance 2? associated with one 
electrode and independent of the other. R tends to infinity as 
c tends to zero. 

14. A and B are opposite ends of a diameter AOB of a thin 
spherical shell of radius a and thickness t. Current enters and 
leaves by two small circular electrodes of radius c whose centres 
are at A and B . If i is the total current and P is a point on the 
shell such that the angle POA = 9, show that the magnitude of 
the current vector at P is i/(2irat sin 6). Deduce that the 

1 c 

resistance of the conductor is — log cot —. 

not 2a 

15. The space between two coaxial cylinders of radii a and b 
and of length t is filled with a medium of conductivity o. Show 

that the resistance between the two cylinders is log -. 

J 2not a a 

16. What problems in three-dimensional steady flow of current 
are solved by the potential functions (i) V — Axy , (ii) V ~- 

Ax 

(**+»*+**)“ ? 

17. Show that if the arcs AC and BD in Fig. 29 are taken 
to be two electrodes the resistance of the conductor is changed 

+ 1 , b 

to — log - . 

oat a 

18. A and B are opposite ends of a diameter of a thin circular 
disc of radius a and thickness t. Current enters and leaves the 
disc by two circular wires whose centres are at A and B and 
whose radius c is much less than a. Show that the distribution 
of current may be obtained by taking V = b log r x jr 2 , where r x 
and r a are distances from A and B. Deduce that the lines of 
flow are circular arcs through A and B, and that the resistance 

2 _ 2a 
ot the disc is — log —. 

7 rot c 

19. AB is a uniform telegraph wire. At some unknown 
point C of the wire there is a fault, i.e, a resistance of unknown 
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magnitude connecting G to the earth. B is put to earth potential 
and an e.m.f. is applied at A. Next A is put to earth potential 
and the e.m.f. is applied at B. The total resistance is measured 
in each case. Show how to determine the position of G from these 
measurements. 


20. In a uniform submarine cable there is a leak resistance 
r per unit length and the resistance of the cable is R per unit 
length. At distance x along the cable the potential is V and the 
dV di V 

current is i. Show that — = — Ri and =--. Deduce a 

dx dx r 

differential equation for V, and show that if the cable is of length 
l the two ends being at potentials F 0 and 0, then 

V = V 0 cosech yj—l sinh ^\j~ (J—#)j. 



CHAPTER VI 


MAGNETIC EFFECTS OF CURRENTS 

§ 44. Magnetic effects of a small coil 

Our discussion in Chapter V was solely concerned with the 
flow of current within one single conducting system ; if we 
consider two distinct systems we discover that these exert 
forces on one another. The discovery of this effect goes back 
to Oersted (1820) who found that an electric current could 
exert forces precisely similar to those exerted by the so-called 
permanent magnets. We therefore speak of these effects 
as the magnetic effects of a current. In this chapter we shall 
deal with such effects when the medium in which they take 
place is a vacuum. However, just as in the electrostatics of 
Chapters II and III, very little difference occurs if the 
medium is ordinary air. The actual difference is discussed 
in Chapter VII. 

The full investigation of these mutual effects between two 
currents is due chiefly to Ampere. His conclusions may be 
summarised as follows :— 

(i) Two small coils carrying currents exert forces on each 
other of precisely the same type as those exerted by two 
electrical dipoles. This means that each coil experiences both 
a force and a torque, and these have the same dependence on 
angle and distance as is involved in eq. (18) of Chapter III. 

(ii) If the wires bringing the current to and from the coil 
are very close together, they contribute nothing to these 
forces between the coils. The forces therefore are solely due 
to what happens in and near the coils themselves. 

91 
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(iii) Eq. (18) in Chapter 111 shows that the absolute 
magnitude of the forces depends on two vector quantities 
xa 1 and m 2 . We must therefore associate with each small 
loop a vector, known as the magnetic moment of the loop. 
The correct angular variation of force and torque is obtained 
if the magnetic moment is directed perpendicularly to the 
plane of the loop, and points along the positive direction of 
the normal. This direction is such that a right-handed 
rotation about it takes us round the loop in the same direction 
as the current in the loop. An individual measurement of 
force or couple between two coils gives us the product m 1 m 2 » 
To get m 1 or ra 2 alone we must consider three small coils; 
taking them in pairs we determine the products m 1 m 2 , ra 2 m 3 , 

from which m v m 2 and ra 3 are each separately found. 

(iv) The magnetic moment m of a small loop carrying a 
current i is proportional to the current i and also to the area 
of the loop dS. It is independent of the shape, provided 
that the area is constant. We may therefore write m^ki dS, 
where k is some universal constant. 

§ 45. Electromagnetic units 

This last result gives us a new way of measuring current. 
We define the e.g.s. electromagnetic unit of current by 
putting fc = 1, so that unit current gives a magnetic moment 
m equal to dS. In general, with current i, 

m=tdS . . . (1) 

Units based on this definition are called electromagnetic 
units (e.m.u.), since they depend on magnetic effects. The 
student may wonder why it is necessary to have two different 
sets of units. The explanation is partly that before 1820 
the subjects of electrostatics and magnetism grew up quite 
separately, and only later were seen to be related; partly 
also that, because currents are usually measured by their 
magnetic effects and charges by their electrostatic effects, 
it is convenient to have units simply related to the type of 
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measurement usually made. The two systems are of course 
related. If we use the c.g.s. system it turns out that 

1 e.m.u. of current is approximately 3 X10 10 e.s.u. of current (2) 

We shall have more to say about this ratio, which is known 
as c, in Chapters XIII and XIV, where we shall see that it 
represents a fundamental velocity. For the rest of this 
chapter, however, we shall use e.m.u., and adopt (1) as our 
definition of current i. 

§ 46. Magnetostatic field 

It is a natural development from our earlier work to 
introduce a field whereby the mutual interaction between 
two circuits may be communicated. Indeed, if like Faraday 
we refuse to accept the idea of action - at - a - distance, we are 
led automatically to a magnetic field, represented by some 
vector H. We cannot, of course, define H just as we defined 
E, since there is no magnetic particle corresponding to an 
isolated electrostatic charge. But we can say that there is 
a magnetic field H at any point P if a little coil, sometimes 
called a search coil, carrying a current experiences a torque 
when placed at P. And we can measure H in terms of this 
torque ; in fact, using eq. (16) of Chapter III, H is determined 
by the fact that the couple exerted by the field on a small coil 
of magnetic moment m is given, both in magnitude and 
direction by 

couple =mxH . . . . (3) 

H is usually called the magnetic field, but in steady cases 
such as we are discussing in this chapter a better title-is 
magnetostatic field. This field is a vector field, so that 
all the discussion of lines of force, tubes of force and unit 
tubes, which we have given in relation to E, D and j, will 
apply equally well to the magnetostatic field. 

Thus, in equation (17) of Chapter III we showed that the 
potential energy of an electric dipole m in a field E was — m. E. 
It follows that in the presence of a magnetic field H, the 
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potential energy of a small electric coil with constant current 
i is — m.H. Thus, 

potential energy — —i H.dS . . . (4) 

It also follows, by analogy with electrostatics (see also 
§ 50), that H is derivable from a potential Q, and we may 
write 

H = —grad Q , . . . . (5) 

where Q is called the magnetostatic potential. 

§ 47. Magnetic poles 

The discussion of the magnetic field due to currents has 
so far followed much the same lines as our earlier discussion 
of the electrostatic field, except that we have always used 
parallels involving electric dipoles. The question immediately 
arises, whether there is any magnetic particle that corresponds 
to a point electric charge. This is particularly important 
because we defined an electric dipole as consisting of two 
large equal and opposite charges a short distance apart. 

In the olden days it was supposed that there were positive 
and negative magnetic poles, and that these acted on each 
other with inverse-square-law forces ; so that two of them, 
a short distance apart, gave rise to a magnetic dipole with its 
magnetic moment m. Now the earth’s magnetism may be 
regarded, approximately, as due to a large magnetic dipole 
pointing roughly along the polar axis. So isolated magnetic 
poles that were attracted to the North were called North 
poles, or North-seeking poles ; and similarly for South 
poles. If we accept this postulate it is possible to develop 
all the analysis we require just as in Chapters II to IV ; but 
the whole scheme is purely formal because we can never 
isolate a N. or S. pole. As Poisson discovered when breaking a 
permanent magnet, N. and S. poles always exist in pairs, 
forming in fact magnetic dipoles. 

For this reason we shall not use the idea of an isolated 
pole in this book, except occasionally to illustrate a 
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phenomenon. It is not necessary to presume the existence of 
any magnetic poles, and it is better to discuss all magnetic 
phenomena in terms of magnetic dipoles. We say that a 
magnetic dipole of moment m equal to i dS is associated 
with a current i in a small coil of area dS. All the formulae 
we require, such as field, torque, energy, etc., depend upon 
m and not upon the pole strength or distance apart. 

§ 48. Large coils 

Our discussion has so far centred around small coils. 
Suppose (Fig. 33) that a current i flows round a large coil 
having the contour s. Draw any surface S spanning s and 
divide it by a grilled network of lines 
into a series of small closed contours, 
such as ABCD , AEFB . If we imagine 
a current i to flow around each such 
contour in the direction marked by the 
arrows, the total current in AB will be 
zero, since the contributions from the 
two marked contours exactly cancel. 

The same is true for all lines except the 
outer contour s, in which a current i 
flows. Since no current flows in AB 
it does not matter whether there is a wire there or not. 
Thus the current i in the large coil is equivalent to a current 
i in each of the smaller circuits. The magnetic effect of the 
large coil is therefore the same as that of a series of magnetic 
dipoles of moment i dS covering the surface S, This is 
referred to as a magnetic shell of strength $. The reader 
will recognise that it is the magnetic counterpart to the 
electric double layer discussed in § 20. If we were working 
in terms of magnetic poles we could regard a magnetic shell 
as a layer of N. poles slightly separated from a parallel layer 
of S. poles. 

We must be careful, however, not to assign too real a 
character to this magnetic shell; for any surface that spans 
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the wire s is an adequate representation of the magnetic effect 
of the original current; and all such magnetic shells must be 
equivalent in calculating the potential. 

Arguments similar to those of § 18 in Chapter III show 
that the magnetostatic potential Q P at P, due to a single 
magnetic dipole of moment m is 


m.r m cos 0 


. ( 6 ) 


where 0 is the angle between the direction of m and the 
radius vector from the dipole to P. 

In the case of a magnetic shell, we have to replace m 
in (6) by i dS, and then integrate over all elements dS of the 
magnetic shell. The calculation is just like that which was 
explained in § 20 when discussing the electric double layer. 
In fact: 

T idS cos 0 r . 

Up = I -—- = J i da) = i(x)p, . . (7) 


where w P is the solid angle subtended by the wire at P. The 
solid angle is to be regarded as positive if P lies on the positive 
side of the wire (see (iii) in § 44). Equation (7) shows that 
the final value of Q depends only on the current i, the shape 
of the wire and the position of P ; as we should expect, no 
mention of which particular magnetic shell we choose occurs 
in the potential. This must be so, since as we said before, 
all magnetic shells are equivalent, provided only that they 
are bounded by the given wire s. 

Formula (7) is important. Let us use it to calculate the 
change in Q, written [Q], when we move round a complete 
closed path. As the point P moves cd p changes in a con¬ 
tinuous manner, but if we return to our starting point without 
passing through s, thencup returns to its original value, so that 
[Q] = 0. If, however, our path embraces s once, there is a 
change of 4m in to. The student should draw a few diagrams 
to illustrate this, and verify that if the path passes through 
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the wire circuit in the positive direction, oo decreases by 47r, 
so that 


[Q] = -47Ti. 


We call this “ threading the circuit positively. ,, Thus, in 
general terms : 

for a path not threading the coil, — 0, 

for a path threading the coil N times, [i2] = —4nNi . (8) 

If the coil consists of n turns of wire wound close together, 
the values given in (8) must all be multiplied by n. 

The quantity which we introduced above, represents 
the drop in magnetostatic potential as we traverse a particular 
contour. It plays a somewhat similar role in magnetism to 
the corresponding drop in electrostatic potential which 
occurs in electrical problems, and which we refer to as 
electromotive force (e.m.f., represented by £). For that 
reason we call it the magnetomotive force (m.m.f., repre¬ 
sented by F ), and write : 

F = 4rri for a closed path embracing the coil once, 

F = 47r Ni for a closed path embracing the coil N times, 

F = 47rtn* for a closed path embracing a coil of n turns once. 

If we were using isolated magnetic poles, we should 
interpret this in language which is probably familiar to the 
reader, viz. “ the work done in carrying a unit pole round a 
complete circuit is 47 n, where i is the current embraced within 
the path.” 

Equation (8) shows that Q is not a single-valued function, 
but may have any number of values all differing by an integral 
multiple of 47 H. The student will wonder why, if the 
magnetostatic potential is many-valued, the corresponding 
electrostatic potential is not. The explanation lies in the fact 
that in the electrostatic case, as we cross a double layer of 
strength p there is a sudden change in V of 4np (see § 20 
and also § 23, ques. 20). But in the case of the current, the 
magnetic shell is merely an artifice to enable us to calculate 

G 
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the potential: as we have seen, it has no real existence 
(though it may have for permanent magnets, see Chapter 
VIII). Hence there is no corresponding jump in Q to balance 
the decrease of 4 tt in solid angle. 

We can write (8) in a useful form by using the fact that 
H = —grad Q. For if ds is any small element of length 

dQ 

H.ds = —grad Q. ds = — — ds — —dQ, 

08 

where dQ is the change in Q along ds. Integrating this result 
for any closed path which threads the circuit once, we have 

| H.ds = - | dQ = - [Q] = \m . . (9) 

If we cross the magnetic shell from the negative to the positive 
side, then the potential Q decreases by in the complete 
circuit: this verifies that our sign in (9) is correct. If we 
take a closed path which does not embrace the current, then 
(9) becomes 

j H.ds =0.(10) 


§ 49. Solenoids and circular coils 

Consider a circular wire of radius a, with its centre at O, 
carrying a current i as shown in Fig. 34. The potential at 
P, by (7), is 



Fio. 34 


Qp = icop 

= 2771 (1—cos 0) 


V(«'+**))’ ■ 


where z = OP. 
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From this we soon calculate the field H at points on the 
axis. (A full discussion of this problem enabling us to calculate 
Q at points off the axis as well, is reserved for Chapter IX, 
§ 81 ). In fact 


dSi 2nia 2 
dz ^ (a 2 +z 2 ) 3 / 2 


• ( 12 ) 


At the centre of the coil, H = 2mi\a. If there are n turns we 
obtain the familiar formula used in tangent galvanometers 

H = 2t mi/a .(13) 

Next suppose that we lay a large number of similar 
coils side by side with their centres along OP, so that they 
form a solenoid. We can effec¬ 
tively achieve this by winding the 
wire in a helical shape. If each 
turn carries the same current i 
and there are n turns per unit 
length, then the total potential 
at P is found by integrating the 
previous formula for Q P . In fact, 
if the ends of the coil are given by 6 — a, 0 = /? (see Fig. 35), 
and z is measured in the direction OP, 

/•0 = « 

Sip = 2ni (1— cos 0) n dz 

Je p 

rP 

= — 2tt ni (1—cos 6)a cosec 2 0 d0 

— 27 mia (tan \a— tan \p) . . . (14) 

We can calculate the field H at P either by a corresponding 
integration of (12), or, more easily, by using (14) in the 
equation H == —grad Q. By symmetry H is directed along 
the axis of the solenoid, and in fact 

H P — 2mni (cos jS—cos a) . . . (15) 

If the solenoid is very long, then at all points inside it, but 



Fig. 35 
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some distance from the ends, we can put a = + 77 , /? = 0. 
Thus the field inside a long solenoid is 

H = 477711 .... (16) 


§ 50. Flux theorem for H 


Since there are no isolated magnetic poles, it follows that 
lines and tubes of H can never end. The corresponding flux 
theorem (see § 9) is that the flux of H out of any volume 


is zero, i.e. 
form 


H.dS = 0. This leads at once to the differential 
div H = 0.(17) 


We can also write the circuital equation (10) in a differential 
form by using Stokes’ theorem that Ja.ds = Jcurl a.dS. 

This shows that Jcurl H.dS — 0 for any surface, open or 

closed, not cutting a current. Hence in any region where 

no current flows: , ^ 

curl H = 0 . . . (18) 

Now since curl H = 0 it follows that H may be expressed 
as the gradient of a scalar quantity. This is of course the 
magnetostatic potential Q, which justifies our assertion in 
§ 46 that H = —grad Q. 

If we combine div H = 0 and H = — grad Q , we once 
more obtain Laplace’s equation 

V 2 £ - 0 . . . . (19) 

It is important to realise that this only holds in regions not 
occupied by current. 


§ 51. Field of a straight wire 

By taking any solution of (19) we can obtain the magnetic 
field for a certain set of currents. Now one of the simplest 
solutions in cylindrical polar co-ordinates r, d, z is 

Q = A9, 
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where A is constant. It follows,* since H = —grad Q, that 
H r = 0,H e =- — — ,//* = 0. 

T 

If we take any closed path which does not embrace the 
z axis, [JR] = 0. Hence, by (8) the only current must be along 
this axis. If our path embraces the z axis once positively the 
increase of Q in going round it is 27 t4, so that [Q] = 277-4. 
Thus, again using (8), we see that the current flowing along 
the positive direction of the z axis is —A/2, a result that 
could equally well have been obtained according to (9) by 
integrating H.ds round a circle parallel to the xy plane 
whose centre was on the z axiR. 

This has proved that if a current i flows in an infinitely 
long wire (taken to be the z axis), the associated magnetic 
field is 

H r = 0 , H e = - , H z = 0 , Q = -2 i6 . . (20) 

T 

Lines of H are therefore circles with centres on the wire, in 
planes perpendicular to the current. The reader has probably 
seen diagrams in which this fact is shown experimentally by 
means of iron filings which tend to align themselves in such 
circles. 

§ 52. Volume currents and the Vector Potential 

We have seen in § 50 that the equation curl H = 0 breaks 
down in a region where currents are flowing. To see what 
replaces it, we suppose that the current is specified by the 

current vector j. According to (9) j*H.ds round any closed 

contour $ is equal to 477 times the total current which is 
embraced by the contour. Let us take any surface S which 
spans s. Then the current embraced by the contour is equal 

* Formula? for grad and curl in cylindrical polars are in Rutherford’s 
Vector Methods , 1946, pp. 72 and 73. 
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to the total current crossing 8 ; that is, the flux of j across S 
(see § 33, equation 2). So 

jH.ds =4tt J j.dS . . .(21) 

Transforming by Stokes’ theorem : 

J (curl H— 47rj).dS = 0. 

This is true for all surfaces S. Hence the integrand is 
identically zero, and the required new equation is 

curl H = 47rj. . . . (22) 


We can soon see that it makes no difference which surface 8 
we take to span s. In fact, if there are two surfaces S t and S 2 
spanning s, together they form a closed surface, and the 
total flux of j out of this surface is zero (equation (5) of § 33, 


with | = 0). 


Bearing in mind the directions of the normals 


to dS x and dS 2 , this gives J j. dSj = J j. dS 2 , proving that 

(21) is independent of the particular surface S chosen. Now 
curl grad £?==(), so that equation (22) shows that in regions 
occupied by currents (j^O) we can no longer write H as 
—grad Q. In such cases the idea of a magnetostatic potential 
has to be abandoned. We therefore introduce a new type of 
potential, which becomes increasingly important in more 
advanced work. 

Since the equation div H = 0 is not modified by the 
presence of j, it follows that we may write H as the curl of a 
vector. So let 


H = curl A * . . . . (23) 


A is not completely defined by this equation since, if ifj is any 
scalar function, curl (A + grad ijj) = curl A. To complete 
the definition we usually add the extra condition that 


div A = 0 . . . (24) 


* In the next chapter (23) is replaced by the more general equation 
B = curl A. 



MAGNETIC EFFECTS OF CURRENTS 


103 


The vector A so defined is called the magnetic vector 
potential, or sometimes simply the vector potential. 

Now curl curl == grad div —V 2 , so by combining (22)-(24) 
we obtain the standard differential equation for A : 

V 2 A = -4rrj .... (25) 

This is a vector equation, each component of which resembles 
Poisson’s equation (§ 10, eq. 20), and may be solved in the 
same way. In fact, provided that A tends to zero at infinity 
and there are no surface currents (or current sheets, as they 
are usually called), we may use the analysis of §§ 7 and 13 
to show that the appropriate solution of (25) is 



It is possible to show, though we shall not do so here, that this 
satisfies the auxiliary condition (24), viz. div A = 0. 

(26) takes a simple form if the current flows in a series of 
thin filaments, or wires. For then j is everywhere in the 
direction of the wire and so j dv may be replaced by i ds, 
where i is the current flowing in the wire and ds is the vector 
element of length along the wire. Thus for a wire carrying 
current i 

A = .< 27 > 


Each element of wire may be said to make a contribution 
(ijr) ds to A. Now 


curl 


i ds 


j; curl ds + ^grad X ds. 


The differentiations in this equation are with respect to the 
co-ordinates of the point P at which the field is being 
determined. These co-ordinates do not appear in ds and 
so curl ds as 0 . Also, if r is measured from ds to P, 



104 


ELECTRICITY 


% % 

gradp - =-- r. Hence the contribution to H from the 

° r y* ft* 

% 

element ds is — ds x r, and by summation along the whole wire, 


H == 


ds xr 

r 3 


. (28) 


In the special case of an infinite straight wire, in terms of the 
notation of Fig. 36, 



CUR.R.E NT l 

- >- 


ds 


Fifj. .‘{6 


. f sin 6 ds 

^ = • • • -( 29 > 

This equation provides the easiest way of calculating the 
field of a uniform straight current, which we have already 
found by other means in § 51. 

Equations (28) and (29) are known as the Biot-Savart 
law. 

§ 53. Coefficient of mutual induction 

We have seen in (4) that the potential energy of a small 
coil of area dS carrying constant current i in a magnetic 
field H is — i H.dS. If we have a large coil we can replace 
it by a series of small ones, as in § 48, and the potential energy 
is therefore 

-i f H.dS .... (30) 


An important case arises when the field H is itself created 
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by a current in some other coil. If we call the first current 
i x and the second i 2 , this potential energy is 

-h f H a .dS 1 . . (31) 


Putting H 2 = curl A 2 as in (23), and then using Stokes’ 
theorem, we have 




curl Ag.dSj — A 2 .ds 


/■ 


in which the integration is along the contour of the current 

f ds 0 

Now by (27) A 2 — i 2 — 2 , so that the mutual potential 

energy of two coils carrying invariable currents i L and i 2 is 

—M 12^1^2’ .... (32) 


where M 12 , which is known as the coefficient of mutual 
induction of the two circuits, is given by Neumann’s 
formula : 


j,„ _ j 


■ (33) 


r is the distance between the two vector elements ds x , ds 2 
of the two coils and the integration is over the whole of s x 
and s 2 . Comparison of (31) and (32) shows that M 12 * is 
the flux of H through circuit 1 when unit current flows in 
circuit 2 : and the symmetry of (33) shows also that this is 
the same as the flux of H through circuit 2 when unit current 
flows in circuit 1, i.e. M 12 — M 2v 

If M 12 is calculated it becomes possible to calculate the 
forces exerted on either coil by the other, assuming always 
that their currents are kept fixed. Examples of this will be 
found at the end of the chapter. 

* In the presence of magnetisable matter (Chapter VII) M and L 
are defined in terms of the fiux of B rather than of H. (See § 58.) 
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§ 54. Coefficient o! self-induction 

In Chapter XI we shall require a quantity closely related 
to M 12 . Thus, if we make the circuits 1 and 2 in § 53 coincide, 
we obtain a quantity M n , generally written L, and called the 
self-induction of the circuit. Li represents the flux of H * 
through the circuit when current i flows in it. The usual 
symbol for L is a coiled line 

— .— ■ 

L 

Fig. 36a 

At first sight it would seem that we could calculate L by 
using Neumann's formula (33) with ds ± and ds 2 elements of 
the same circuit. But a simple calculation shows that this 
gives a logarithmic infinity, showing us that the formula has 
broken down. This is because we have regarded the current 
as flowing in an infinitely thin filament. To obtain a valid 
formula we have to take account of the shape of any section 
of the wire. The actual calculation of L which, like Jf, 
is a purely geometrical property of the circuit, is somewhat 
involved, and we shall not discuss it further here. [See, 
however, § 116 , questions 16-18.] 

If there is more than one circuit, the principle of super¬ 
position tells us that the flux of H through any one coil is 
the sum of contributions from each of the currents separately. 
Thus for the case of two circuits with currents i x and i 2 , 
by combining the results of this and the previous paragraph, 
we see that the flux through circuit 1 is L 1 t 1 +ilf 12 t 2 ; and 
similarly the flux through circuit 2 is L 2 i 2 -\-M X ii v 

§ 55. Examples 

1. Obtain the field in a solenoid by differentiation of the 
potential (14). 

2. Obtain the formula (12) for the field at points on the 

* In the presence of magnetisable matter (Chapter VII) M and L 
are defined in terms of the flux of B rather than of H. (See § 58.) 
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axis of a circular loop by direct application of the Biot-Savart 
law (28). 

3. Two equal circular coils of radius a are placed opposite 
one another, a distance 26 apart. They carry the same current in 
the same direction. Show that at the point midway between 
the two centres the first three differential coefficients of the 
field are zero if 26 = o. Such an arrangement which gives an 
approximately uniform field is known as a Helmholtz Coil. 

4. An infinite straight wire whose cross-section is a circle of 
radius a carries a uniform current i. Use equation (21) to show 
that the magnetic field is given by : 

r>a , H r == 0, Hq — 2ijr, H z = 0, 
r<a, H r — 0, Hq — 2irja 2 , H z = 0. 

Notice that this amplifies the formulae in (20) where we supposed 
that the wire was infinitely thin. 

5. Starting from equation (26) prove, after the manner of 
(28), that with a current vector j each element of volume dv 
contributes to the magnetic field an amount 



6. Show that the magnetic field at the centre of a square coil 
of side 2a carrying a current i is (4? \/2)/a. 

7. A current i flows in an infinite thin wire coincident with 
the z axis. The return flow takes place along a parallel wire 
through the point (R, 0, 0) where R is very large. Show that 
the magnetostatic potential at a point whose cylindrical co¬ 
ordinates are (r, 6, z) is Q = 2i(i t—6). Deduce that the magnetic 
field is (cf. (20)) 

H r = 0, H e = 2 i/r, H z = 0. 

8. Show that the formula (27) gives an infinite value for the 
vector potential of an infinite straight current. But if we 
suppose that the current returns along a parallel wire, then at 
a point P the vector potential has magnitude 2 i log (6/a), where 
a and 6 are the shortest distances from P to the two wires. This 
is known as a bifilar current. 

9. Obtain the value of the magnetic field for a current i in 
an infinite straight wire (§ 51) by using the Biot-Savart law (29). 
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10. In the case of an infinite straight wire carrying a current 
?, equation (27) for the vector potential breaks down since A 
does not tend to zero at infinity. But verify that a correct form 
for A in such a case is A = (— 2i log r) a where a is a unit vector 
in the direction of the current and r is the perpendicular distance 
from the wire. 

11. A current i flows in a circular wire r = u, z = 0 in cylin¬ 
drical co-ordinates. Show that the vector potential at any point 
( r , Q, z) is given by 

. , „ C 7 * cos 8 dd 

A. — A z — 0 , Aq — 2 ta ——-—-— -—. 

9 Jo (a 2 -\-r 2 +z 2 — 2ar cos 0)1 


If the loop is small show that this is approximately Tria 2 rj(r 2 -^z 2 fl. 
Verify that this is the same as the result in question 12. 

12. Verify that the vector potential at P due to a small 

magnetic dipole is A = — mxgradp 


m X r 


where r is 


measured from the dipole to P. 

13. Verify that the vector potential of a constant field H 
in the .r direction may be written 


A x = 0, A y — —aHz, A z — (1 —a) Hy , 


where a is an arbitrary constant. 

Similarly verify that for a constant field H parallel to the 
6 axis in spherical polar co-ordinates, we can write 

A r — 0 , Ay — 0 , A^ — £ Hr sin 0. 

Prove that in cylindrical co-ordinates, if H is parallel to the 
z axis, 

A r = 0 , A z = 0 , A# = $Hr. 


14. A coil of wire of m turns is closely wound on a circular 
ring of any form of cross-section, and a second coil of n turns is 
intertwined with the first. Show that the coefficients of mutual 
and self-induction are 

^ o f ds t _ of dS T « 9 fdS 

M 12 == 2mn — , L x — 2m 2 — , L 2 — 2n 2 I —, 

J P J p J p 

where p is the distance of any point in the cross-section from the 
axis of the ring. Deduce that L X L 2 = M 12 2 , an important relation 
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in the theory of transformers (see § 96). In practice, on account of 
leakage, M 12 2 <L t L 2i and the ratio M l2 /\/(L 1 L 2 ) is called the 

Coupling Factor. 

15. Two equal circular loops of radius a lie opposite each 
other, a distance c apart. Show that the coefficient of mutual 
induction is 


M 12 — 2 no? 


,27r cos \fj dip 
(c 2 -f 2a 2 — 2a 2 cos 0)1* 


r 

Jo 


If c is very large, show that M 12 = 27r 2 a 4 /c 3 . Deduce that if 
unit currents flow in the same direction round the coils, they 
attract each other with a force 2 a 4 /c 4 . (See also Chapter IX, 
question 19.) 

16. Show that if we may assume that each moving charge in 
equations (27), (28) contributes independently of all other charges, 
then a charge e moving in free space with velocity v creates a 
vector potential A and a magnetic field H given by 


Deduce that if E is the electrostatic field due to the charge, 
H — v X E. (These formulae are only true if the velocity v is 
much less than the velocity of light.) 



CHAPTER YII 


STEADY CURRENTS IN MAGNETIC MATERIAL 

l 56. Magnetic media 

In Chapter I we described Faraday’s suggestion that each 
atom contained within itself tiny electric currents—a 
hypothesis which has been amply confirmed by modem 
atomic theory. It follows that in the presence of a magnetic 
field H these atoms will experience couples tending to orient 
them in the direction of H, the only exceptions being atoms 
in which the several minute currents cancel each other. This 
is Weber’s hypothesis to explain how a medium may become 
magnetised by an imposed field. As a result of this orientation 
there is an effective magnetic moment in the direction of H. 
Exactly the same situation occurred in Chapter IV, where 
we saw that an electrostatic field created an effective electric 
dipole moment in the medium. We described that situation 
in terms of a polarisation vector P. The corresponding vector 
in the magnetic case is called the intensity of magnetisa¬ 
tion I. Its definition is that each element of volume dv 
behaves as if it were a magnetic dipole or small magnet of 
moment I dv. The fact that we introduce I in a precisely 
similar manner to P will enable us to apply a great deal of 
our previous analysis to the present problem of steady 
currents in magnetic materials. 

The intensity of magnetisation I is a vector quantity, 
which except in certain crystalline materials will be in the 
same direction as H. In fact, apart from certain ferro¬ 
magnetic substances (e.g. iron, Heusler alloys, etc.), I is 
proportional to H so that we may usually write 

I == *H, . (1) 

no 
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where k is the magnetic susceptibility of the material. There 
is one difference between this equation and the corresponding 
electrostatic equation P = fcE. The susceptibility may be 
either negative or positive. If k< 0 we describe the material 
as diamagnetic; if k> 0 , we say that it is paramagnetic. 
Typical values of k are (using c.g.s.e.m.u.) k = — 3 xl 0 _e 
for a diamagnetic medium such as gold : k = 30 X 10~ 6 
for a paramagnetic medium such as platinum. This latter 
value is at room temperature : Curie’s law states that for 
paramagnetic materials k is proportional to 1/T, where T is 
the absolute temperature. If the field is not too big certain 
soft irons obey the law (1) with k somewhere between 50 and 
1000, but as H increases k becomes much smaller in such a 
way that I increases to an asymptotic value called the 
saturation magnetisation. 

In what follows we shall not require to know just why 
k is positive or negative : this indeed is the realm of quantum 
theory. It will be sufficient to apply (1) treating k as a 
known constant. 

§ 57. Magnetic induction 

The magnetisation I will give rise to a magnetostatic 
potential which we can calculate just as we calculated the 
potential due to a polarisation P in § 25 of Chapter IV. For 

the potential due to a magnetic dipole m is m.grad -. So, 

r 

putting m = I dv and integrating over any volume v, we 

see that the potential due to I is J I.grad ~ dv . This may be 

transformed, just as in § 25 by the use of Green’s theorem, 
and becomes 

fl.dS f div I 

j— -\— * • • • < 2 > 

The interpretation of this is that the effect of the magnetisa¬ 
tion I in a certain volume v is precisely the same as if we 
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had a volume source of magnetic poles —div I and a boundary 
layer I n . These are sometimes known as Poisson f s imaginary 
magnetic matter, and are evidently strictly parallel to the 
“ apparent charges ” introduced in § 25. The flux theorem 
for H (§ 50, equation 17) now becomes 

div H = 47rX volume density of magnetic poles = —47r div I. 

Let us introduce a vector B, called the magnetic induction, 
defined by the relation 

B = H+4ttI . . . . (3) 

Then the flux theorem is 

div B = 0 . . . (4) 

The reader will notice how closely the magnetic induction 
vector B = H+47tI corresponds with Maxwell’s displacement 
vector D=E+47 tP (§26). The chief difference is that 
since there are no isolated true magnetic poles div B is always 
zero, whereas div D — knp. 

This last fact means that there are no sources of B, so 
that the lines and tubes of B do not end. We have already 
seen (Chapter VI) that in free space this is true for H. Now 
we notice that in free space k — 0, so that 1=0 and B = H. 
Thus the results of Chapter VI are included as special cases 
of the two equations (3) and (4). 

In homogeneous isotropic materials where I = /cH, it 
follows from (3) that 

B = /xH, . . . (5) 

where 

[X = 1+47T/C . . . . (6) 

This quantity p is called the magnetic permeability. In 
free space (i = 1 ; in diamagnetic materials p< 1 ; in para¬ 
magnetic materials p>l ; in ferromagnetics p is very large. 

Before we can solve problems we must discuss the 
continuity conditions satisfied by B and H at the boundary 
between two media in which the permeability is different 
(Fig. 37). The parallelism between the magnetic and electric 
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cases enables us to argue just as in (ix) of § 26, with the 
conclusion 


B ni =B nt , H a = H" . . . (7) 



If, however, there is a surface current flowing along the 
boundary the last equation requires alteration. This does 
not often occur and so we shall not discuss it here (see § 65, 
question 2). 

§ 58. Equations of the magnetic field 

We are now able to write down all the necessary equations 
of the magnetic field. Thus : 

(i) div B = 0 (4) 

(ii) B=H+4 ttI, .... (3) 

or, in most cases 

B = /xH . . . . (5) 

(iii) If the current vector is j, then just as in (22) of § 52, 

curl H = 4m] . . . . (8) 

On account of the induced magnetisation I this latter 
equation requires some justification. We start with the 
relation (9) of § 48, viz., that since H = —grad Q, therefore 

for any closed curve s, jV<U = —[13]. However, Q is 

itself the sum of two parts. Let us write Q — £2 x -\-Q 2 > 
where Q x arises from a series of currents i flowing in closed 
filaments, and £2 2 arises from the induced magnetisation I. 
According to (7) of § 48, at any point P, £2 1 = Uitop, where 

H 
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o) P is the solid angle subtended at P by the circuit carrying 
current i . Thus [i3 x ] = where Zi is the total current 

which threads the curve s. So far our argument is the same 

Jdv.T 

as in Chapter VI. But Q 2 is the sum of contributions - ■■ ■ 

from each element of magnetic material. This quantity is a 
single-valued function of position, so that [£? 2 ] = 0. This 
result may be interpreted in terms of magnetic poles by saying 
that no work is done in carrying a unit pole round a closed 
curve in the presence of a series of constant magnets. Com¬ 
bining the two parts of Q , 

JlS.ds = — [Qi+Q^[ = 477 X total current threading s. 

From here it follows exactly as in § 52 that in the presence 
of a volume current j, 

curl H = 47rj. 

(iv) At places where there is no current we can express 
H in terms of a magnetostatic potential, 

H = -grad Q } (9) 

so that 

div (fji grad £2) = 0 . . . (10) 

If ft, is constant, as usually happens, 

V 2 £ = 0 . . . . (11) 

(v) At places where there is a current, no magnetostatic 
potential exists, and as in § 52 we introduce a magnetic vector 
potential A. In fact, since div B = 0 at all points whether 
or not there is a current flowing there, we must now write 

B = curl A, . . . . (12) 

with the condition, similar to (24) of § 52 

div A = 0 . . . . (13) 

Taking the curl of (12), and using (5) and (8), we have 

curl ^ curl A^ = curl H = 477 j . . . (14) 
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If /x is constant this becomes 

curl curl A — 47r/xj. 

But curl curl == grad div —V 2 > and div A = 0, so that the 
equation for A is 

V 2 A = —477/xj .... (15) 

In free space /x = 1, so that this reduces at once to (25) of 
§ 52. Provided that A tends to zero at infinity and there 
are no current sheets its solution is 

f i dv 

A =^J—.( 16 ) 


If the field is due to a current i in a thin wire we may replace 
j dv by i ds, where ds is an element of length of the wire, 
in which case 


A 



■ ( 17 ) 


Since B == curl A it follows, just as in § 52, that 

' dsxr 


-'“■J ’ 1 


• ( 18 ) 


This means that the Biot-Savart law (28) of § 52 still holds : 


. f dsxr 

‘J — 


(19) 


As a consequence of (19) all the results proved in Chapter VI 
for the magnetic field due to a straight wire, or a loop, or a 
solenoid, are unaffected by the presence of a uniform medium. 
We do not need to repeat the calculations. 

(vi) At a sudden change of medium 

B n and H s are continuous. . . . (7) 


We ought also to discuss the boundary conditions for A at a 
change of medium. These are rather more involved than the 
earlier type of boundary condition, and we shall be content 
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therefore to quote the answer. Calling the media 1 and 2 
as in Pig. 37, and supposing that the intensity of magnetisation 
is I x and I 2 in the two media, these are 

A x = A 2 .(20) 

= • - (21) 

where n is a unit vector directed along the normal from 
1 to 2. It is possible to verify the sufficiency of these con¬ 
ditions by deducing from them the known conditions (7). 

§ 59. Cavities 

The boundary conditions (7) allow us to discuss the field 
inside a small cavity scooped out of the magnetic medium. 
Consideration of this problem is important because of the 
indefiniteness which attaches to our definition and measure¬ 
ment of B and H at points inside a medium. Our best 
plan is to suppose part of the medium around some point P 



to be removed and then to determine B and H at P, inside 
the cavity. The argument is very similar to that already 
used in § 31. In fact, since the boundary conditions for B 
and H are exactly similar to those for D and E, the analysis 
of § 31 can be applied to this problem just as it stands. 
Thus, with a disc-shaped cavity, as in Fig. 38a, which may 
be compared with Fig. 26a, the magnetic field at P inside 
the hollow is the same as the induction B outside, and with 
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a needle-shaped cavity pointing in the direction of H, as 
in Fig. 38b, which compares with Fig. 26b, the magnetic field 
at P inside the cavity is the same as the field H outside. 

We shall be concerned shortly with a rather more com¬ 
plicated case—a disc-shaped cavity at an oblique angle to B 
(Fig. 38o). Let us define the field at a point Q just outside 
the cavity in terms of the normal component B n and the 
tangential component H s . We choose these because they 
are the only components that do not change abruptly on 
crossing from Q to P . So at P, inside the cavity, the magnetic 
field H is compounded of B n normal to the plane of the disc, 
and H 8 along the plane. 


§ 60. Potential energy of a small coil 

Let us suppose that a small coil of area dS carrying a 
current i is imbedded in magnetic material at a point where 
there is a field defined by the vectors B and H. In order to 
place it there and then calculate its potential energy, we 
imagine the material of the medium to be removed from a 
small volume just surrounding the coil. This cavity will 
be of the disc-shaped type shown in Fig. 38c. Now accord¬ 
ing to (4) of § 46 the potential energy of the coil is given 
by — i'H.dS, where H is the field inside the cavity. But we 
have just seen that inside the cavity the field is a combination 
of H 8 and B n ; H g is perpendicular to dS and B n is parallel 
to dS. So the required potential energy is —iB n dS, or in 
vector form, simply : 

potential energy of coil = — iB . dS . . (22) 

We may write this as —i times the flux of B through the coil. 
In free space, where B = H, we do not need to distinguish 
between the flux of B and of H. But (22) shows that in 
magnetic media it is B rather than H which gives the potential 
energy. For this reason some writers * define B in terms of 
the torque experienced by a small coil in a magnetic medium. 

* E.g. Smyth, Static and Dynamic Electricity , 1939. 
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We have preferred to introduce B by the same type of 
reasoning that led to D in the electrostatic case, because this 
preserves the parallelism between the two t\pes of field 
and is more directly related to known properties of the 
atom; further, the measurement of torque on a coil inside 
a solid body such as iron does present certain preliminary 
difficulties. 

We can derive an alternative form for the energy (22) 
by putting B = curl A. By Stokes’ theorem we can then write 


-iB.dS — —i curl A.dS 


• J a • 


where the integral is taken round the contour of the small 
loop. |* A.ds is sometimes called the circulation of A 

round the loop. Since a larger loop may be regarded (§ 48) 
as the superposition of a series of smaller ones all carrying 
the same current, (23) shows that the potential energy of a 
larger coil carrying an invariable current i in the presence of 
an external field defined by its vector potential A is also 

— ij A.ds, but now the integration is round the contour of 

the large coil. It is important to remember, for this purpose, 
that it is only that part of A which arises from the external 
field, and not that from the coil itself, which determines the 
mutual potential energy. The formula corresponding to (23) 
for the case of a volume distribution of current is found by 
replacing i ds by j dv, and it is 

potential energy of current system = — j A . j dv . (24) 

A particularly important form of (23) occurs when the 
field represented by A is itself due to a current in some other 
coil. Calling the first current i 1 and this second current i 2 , 
the mutual potential energy is 


Ag.dsj. 
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But from (17): 

A 2 = fjbi 2 

so that the mutual potential energy is 

. . f ds 1 .dSo 

-/*»!». J -7— ' 

Just as in (32) of § 53 we may write this in the form 
mutual potential energy = —M 12 i 1 i 2 , 

where M 12 = p J d - ^- 8 - 2 . . .(25) 

Thus M 12 is fjL times as big as when the medium is not 
magnetisable. If we compare Neumann’s formula (25) with 
equation (33) of § 53, we see that the coefficient of mutual 
induction between two circuits is really equal to the flux of 
B through circuit 1 when unit current flows in circuit 2. 
Of course, when fi = 1, B and H are the same, so that it 
doe6 not matter whether we speak of the flux of B or of H ; 
but when fi ^ 1, (25) shows that the flux of B is the important 
quantity which determines the forces exerted by one circuit 
on another. 

In the same way, the coefficient of self-induction L of a 
single circuit (see § 54) is equal to the flux of B through the 
circuit when unit current is flowing in it. 

§ 61. Force on current in a magnetic field 

If we replace a large circuit carrying a current by a series 
of smaller ones, as in § 48, Fig. 33, we see at once from (22) 
that the potential energy W of an invariable current i in an 
external magnetic field is 

W = —i Js.dS = -iN, . . .( 26 ) 

where N * is the total flux of B through the circuit. This 

* In recent years the flux of B is often called <f>. But as we require 
<j> for potential purposes, we shall retain the older symbol N, 
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formula is fundamental for our later study of fluctuating 
currents. It also enables us to calculate the force on our 
coil. For suppose (Fig. 39) that the coil is moved in such a 
way that an element AB represented by 
ds is displaced a distance t to CD , the 
current remaining unaltered. Then, from 
(26) 8 W = —i times the increase in flux of 
B. We can consider this increase as the 
sum of the increases in N due to the 
displacement of all the elements ds of 
the original circuit taken separately. But 
when AB moves to CD the increase in flux of B is equal to 
the flux through ACDB , which is B.8S, where SS is the area 
ACDB. In order to keep the proper direction for the normal 
to the surface we must describe the area in the order ACDB . 
Thus SS = txds. Summing for all the elements ds we 
obtain 

8 IF = increase in potential energy = — i J B.(txds). 

We may re-arrange the triple scalar product * to give 

SJT = —ij t.(dsxB) . . .(27) 


Now let us suppose that all elements ds receive the same 
displacement t, which may therefore be taken outside the 
integral in (27). Then, if the total force on the circuit is F, 


Thus, from (27) 


8 IF = —t.F. 
F =i f ds x B 


■ ( 28 ) 


This shows that the total force on the circuit is the same as 
if each element ds experienced a force i dsxB, which is 
perpendicular both to ds and to B. (28) is known as Ampdre’s 

* Rutherford, Vector Methods , 1946, p. 8. 
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law, and provides the basis of all electric motors in which 
we use this force to turn the central rotor shaft. If 0 is the 
angle between ds and B, Ampere’s law is sometimes expressed 
in the form that the total force is equivalent to a force 
iB sin 8 per unit length of wire. 

As an example consider the case of two infinite parallel 
currents i x and i 2 a distance a apart in a medium p. We 
have seen in § 51 and § 58 (v) that the field H due to the 
current i x is 

H r = 0 ,H e = y 1 , H z = 0. 

Thus at all points of the second wire B has the value 2fiija 
perpendicular to the plane of the two wires. Hence, using 
Ampere’s law with 0 = 7t/ 2, the force on the second wire 
is 2jLU 1 i 2 /a per unit length : consideration of its direction 
shows that this is an attraction if the two currents flow in 
parallel directions, and a repulsion if in opposite directions. 

We have proved (28) for the case of a current flowing 
in a thin filament. But if we replace i ds by j dv, it 
will immediately apply to the case of a volume distribution 
of current specified by the current vector j. The mechanical 
force on such a distribution is therefore 

F = J* j X B afo . . .(29) 

This is equivalent to a force j X B per unit volume. 

§ 62. Force on a moving charge 

Equation (28) shows that the total force on a wire carrying 
a current i is i j ds x B. This does not prove that the force 

on each element ds separately is i ds x B, since there might 
be other terms which cancelled on summation. As a matter 
of fact the force on a tiny element ds cannot be measured 
experimentally. But if we assume that it is indeed i ds x B, 
we can deduce an expression for the force on a single moving 
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charge; this is capable of direct experimental verification, 
and in this way we may justify the splitting up of the total 
force on a circuit into separate forces on each element ds. 

We shall find it best to use (29) rather than (28), so that 
we assume that the force on unit volume of current really 
is jxB. If we put j = Nev* as in (1) of § 33, we see that 
the force on a single charge e moving with velocity v must be 

force on charge = ev x B . . . (30) 

This last formula supposes that e, v, j, B are measured in 
e.m.u. If, as is usual, e is in e.s.u. and the rest in e.m.u., 
the formulae would have been 

force on circuit = F = - / d * XB, . . (31) 

g 

force on charge = - v x B. (32) 

A moving charge therefore experiences a force proportional 
to its velocity and perpendicular to v and B. This formula 
has been completely verified experimentally in the deflection 
of electrons in a cathode ray tube, and of heavier charges 
in a mass spectrograph. It would, in fact, have been possible 
to start with (32) as an experimental result and from it to 
build up our earlier theory, though in reverse order. 

§ 63. Faraday’s disc 

An interesting application of (30), which can also be 
regarded as a further test of its validity, is found in Faraday’s 
disc (Fig. 40). This is a thin conducting disc which rotates 
in free space with angular velocity p about its axle. There is 
a uniform magnetic field 13 perpendicular to the plane of the 
disc. A and B are electrical connections to the axle and rim 
of the disc respectively. On joining A and B by a wire it 
is found that a current flows, indicating that A and B are 

* N is here the number of chargee per unit volume, and must not 
be confused with the flux N in (20) and (33). 
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at different potentials. The explanation is obtained by 
considering an electron of charge c at a point P between 
A and B. If OP = r, the velocity of 
the electron is rp in a direction per¬ 
pendicular both to the field and to the 
line OP. The force on this electron is 
therefore ±erpH in the direction from 
A to J5, the question of sign being 
determined by whether the field is 
into or out of the plane of the disc. 

Thus the work done in taking a charge 
e from A to B is 

b 1 

erj)H dr — [- - cpH^—a 2 ), 

a — 

where a and b arc the radii of the axle and disc respectively. 
The potential difference V between A and B is therefore 

V = ± \ 2 pHiV-tf) — nN, . . (33) 

where n is the number of revolutions per second and N is 
the total flux of H across the disc. It is this potential difference 
that gives rise to the observed current when A and B are 
connected by a wire. There is, of course, an equal and 
opposite force on the positively charged nuclei of the disc. 
But unlike the conduction electrons, these are not free to 
move and the effect of the force on them is merely a small 
elastic deformation of the wheel. 

This apparatus was used by Lorenz in 1873 to measure 
the absolute resistance of a wire in e.m.u. 




§ 64. Magnetic energy 

The close parallel between formulae of electrostatics and 
magnetism suggests strongly that corresponding to the 
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electrostatic energy 
energy 


fD.E 


dv there must be a magnetostatic 


C B.H 

J "8^ 


dv 


(34) 


This is indeed the case. We shall not prove the formula here, 
as we shall return to the matter again in Chapter XIII when 
we link together the electric and magnetic energies. However, 
if we were to allow ourselves to introduce magnetic poles, 
then the proof of (34) would be precisely the same as in the 
electrostatic case (§ 28), except that instead of charges we 
write poles, and instead of electric field and displacement we 
write magnetic field and induction. 

Equation (34) shows us that we may regard the energy 

B.H 

as distributed throughout all space with density ——. Just 

07T 

as in the electrostatic case we could regard this energy as being 
due to some sort of stress in the aether, and we can show, 
similarly to § 30, that a satisfactory stress system is obtained 
if we suppose that each tube of B exerts a longitudinal tension 


B.H 

87 T 


per unit area of cross-section, and a transverse repulsion 


on adjoining tubes of the same magnitude per unit area of 
contact. In this way, once again, we are able to dispense 
with the idea of action-at-a-distance. 

There is an important application of (34) in calculating the 
magnetic energy stored in the medium when a current i 
flows in a closed coil. As in the electrostatic parallel, we may, 
if we like, regard this energy as stored up as a result of some 
form of elastic strain of the aether; but it is wisest not to 
ask for too particular a model of what is happening, and we 
shall be content simply to refer to the energy in the medium. 
It is, however, essential to recognise that the energy is in the 
medium and not in the magnetic shell; as we have already 
stressed in Chapter VI, the shell is primarily a mathematical 
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device, having no kind of real objective existence. Its value 
is that it allows us to describe the magnetic field H in an 
extremely compact manner. Thus, when calculating the 
energy by integrating (34) over all space, we must leave out 
that little bit of space occupied by the shell itself, in which 
indeed on account of the hypothetical layers of North and 
South poles on the two faces of the shell there are dis¬ 
continuities in the field. 

We show in Fig. 41 a section of the system by a plane 
which cuts the coil in x , x\ and which 

intersects the magnetic shell in the -^ 

lightly-shaded area. Since the shell f / N\ 
spans the coil, its section in Fig. 41 f / ] | 

must be bounded by x and x'. If jL j J 

Consider a tube of induction PQR l l / 
which leaves the shell at P, but which 1 

does not necessarily lie entirely in the -*oe 

plane of xx'. If N is the total flux of sections of wire 

B across the coil, we may write dN p 41 

for the flux in this tube. The con¬ 


tribution to 


B.H dv from the volume inside this tube 


may be found by writing H = —grad Q, and dv = ds. dS, 
where ds is an element of length along the tube, and dS is 
an element of cross-sectional area. Since the strength of the 
tube is constant, B. dS = dN. Thus the contribution to the 
energy is 


— J grad Q. ds dN 




where [Q] is the increase in Q on going from P to R. Now in (8) 
of Chapter VI we showed that [£] = —47ri, so the energy in 
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the tube PQR is \idN. By addition over all such tubes we 
see that the total magnetic energy in the medium is 

\iN .(35) 

It is possible to deduce (35) without considering each tube 
separately, as the following analysis shows. We have to 

evaluate ~ j B ,H dv through all space outside the shell itself, 

as in Fig. 41. Let us put H = —grad £2, and use the fact 
that since div B — 0, therefore 

div £2B — £2 div B+B.grad £2 = B. grad £2. 


It follows that the magnetic energy is 

- -jL J B.grad £2 dv 

--if an 

J 


il 


div £2 B dv 
■QB.dS, . 


. (36) 


where the surface integral is taken outward across the sphere 
at infinity, and into the shell along the faces at all points 
such as P and R. A consideration of orders of magnitude 
shows that at infinity the surface integral vanishes. If we call 
the two sides of the shell 1 and 2, and let dS be directed from 
2 to 1, (36) reduces to 

i j’|(GB) 1 -(£B) 2 J.dS. 

Now the change in £2 between 1 and 2 is 47ri, and B is un¬ 
changed. So the integral is just 

i i f B.dS = \ iN, 


as in (35), where N is the total flux of B across the coil. 
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It is not difficult to extend this latter argument to the 
case of several distinct circuits carrying currents i v i 2 . . . 
In fact, if the values of the flux across the circuits are N v 
N 2 . . . the total energy is 

i{Nih+N 2 i 2 + . . . . . (37) 

Two particular cases of (37) are important. The first is 
when there is just one coil, and the flux of B across it is solely 
due to the current i in the coil. Then (§ 54), N = Li, where L 
is the coefficient of self-induction, so that 

energy of a single coil = |Li 2 . . (38) 

The second particular case is that of two circuits carrying 
currents i x and i 2 . If L 1 and L 2 are the coefficients of self- 
induction, and M 12 is the mutual induction, we have shown in 
§ 54 that 

N i = L t i x +M 12 i 2 , 

N 2 = L 2 i 2 +M 12 i v 

So the energy due to the two coils together is 

= i{L 1 i 1 *+2M 12 i 1 i 2 +L 2 i 2 *} . . (39) 

Comparison of (38) and (39) shows that this total energy is the 
result of terms for each coil separately and a term M 12 i x i 2 
representing the extra energy due to the mutual interaction 
of the two currents. 

The student will probably wonder why we appear to have 
two distinct formulae for the mutual energy of two coils. 
According to (39) this energy is +M 12 i 1 i a ; but according to 
§ 54, equation (32), it is —M 12 i 1 i 2 . The explanation of the 
apparent discrepancy is that the two formulae represent quite 
different conditions. In deducing (39) we answered the 
question : “ When the currents are i t and i 2 , how much 
magnetio energy is stored in the medium ? ” But in the 
earlier equation we answered a different question : “ If the 
currents i x and i 2 are kept invariable, what potential function 
may be used to describe the forces exerted by one ooil on the 
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other ? ” Now when one coil is moved relative to the other, 
keeping the currents constant, the energy in the medium 
changes on account of the alteration in M l2 : this is what is 
being calculated in (39). But, as we shall see in Chapter XI, 
electrical work has to be done in order to keep the currents 
constant during the movement of the one coil. It is this 
extra work which is responsible for the difference between 
the two calculations, and may actually be determined from 
this difference. Indeed, the situation envisaged in the 
invariable-current formula is rather artificial and practically 
never occurs. But the situation represented by (38) and (39) 
is of the greatest importance ; when we consider varying 
currents more fully in Chapters XI and XII we shall find 
that these two equations are able to provide a simple under¬ 
standing of the fundamental problem of electromagnetic 
induction. 

§ 65. Examples 

1. Show that lines of B are refracted at a change of medium, 
and that if the angles made with the normal are 6 X and #2> then 

jJL \ COt == fj ,2 COt 

2. A current i per unit width flows along the boundary 
between two media of permeabilities ji x and ^ 2 . Show that the 
boundary conditions are the same as (7) except that the tangential 
components of H in a direction perpendicular to the current 
satisfy the condition 

H h — H h 4 rri. 

3. A torus, or anchor ring, is obtained by rotating a circle 
about an axis in its own plane distant / from the centre. The 
volume so formed is filled with soft iron of permeability /*. A 
total of N turns of wire are wound closely and evenly round the 
ring, and the wire carries a current i. Show that at points inside 
the ring the magnetic induction is 2 Npijr % where r is the distance 
from the axis of rotation. A small air-gap is now made in the 
iron by cutting away a thin sector bounded by two planes 
through the central axis which make a small angle a with each 
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other. Show that the total induction in the air-gap is thus 
reduced by a factor |l +(/x —1)~) \ This is one way of creating 

a strong magnetic field by means of a current, if a is kept small. 

4. A coil of wire with m turns is closely wound on a circular 
ring of any form of cross-section with an iron core. A second 
coil of n turns is intertwined with the first. Show that the 

rdS 

coefficient of mutual induction is M 1Z = 2pmn I —, where p 

J p 

is the distance of any point in the cross-section from the 
axis of the ring. If the cross-section is a circle of radius 
o, whose centre is* I? from the axis of the ring, deduce that 
M n = 47 Tpmn(R — y/(R 2 —a z )). 

5. Show that the mutual induction between a circle of radius 
a and an infinite straight line in the same plane is 

4 rH. yjg-g) 

J -a f+* 


where / is the shortest distance from the centre of the 
cirole to the straight line. Show that integration gives 
M lt - 4t ,{/-V(/ 2 -a*)}. 

6. Prove that the force on a magnetic particle of moment 
M in an inhomogeneous field is (M.grad)B. (Compare 
Chapter III, question 13.) 

7. Use the result of the last question to show that the force 
F on a coil carrying a current i is F = i J (dS. grad)B. Show that 
if t is an arbitrary constant vector this may be written 

F.t = i f dS.grad (B.t). 


Next prove that grad (B.t) = curl (Bxt), and hence show that 




dsxB. 


This is another proof of Ampere’s law (28). 

8. A current i flows in a circular loop of radius a and a current 

I 
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%’ in an infinitely long straight wire in the same plane. Show 
that the force between the two currents is 




L _ 

>2 -o 2 ) V 


where / is the shortest distance from the centre of the circle 
to the wire. 

9. Calculate the force on a current i in a coil by the following 
method. Let AB be a very small element of a coil ABC A which 
is displaced a distance t to A'B'C'A'. Then using the formula 

(23) for the Potential Energy, viz. W = — i J A.ds, show that 

8W = i j A.ds round the contour BCAA'C'B'B. Transform 

this by Stokes’ theorem and hence deduce Ampere’s law (28). 

10. Currents i and i' flow in two circular loops of area S and 
S' which are parallel and coaxial a distance c apart. If the one 
loop is small, show that the attraction between the loops is 
Qii'SS'c/R 6 , where R is the distance from the centre of the small 
loop to the circumference of the larger loop. 

11. Use equations (18) and (19) to show that very close to a 
wire carrying a current i the lines of B and H are circular and 
deduce that at small distances r from the wire H = 2 ijr. Use 
this result to show that two similar loops of wire carrying currents 
in the same direction, placed nearly in coincidence, attract one 
another. Notice that this is the reverse of the electrical case 
where like charges repel; it indicates a fundamental difference 
between the energy of the fields due to charges and currents. 

12. Show that the force exerted on a wire carrying a current 
it due to a current i 2 in a second wire, may be expressed in the 
form 



dSxXfdBgXr) 

7 


where ds x and ds 2 are vector elements of the two wires and r 
is the vector from ds 2 to dsj. Apply this formula to calculate 
the force between two parallel wires. 

13. Show that the formula of the last equation may be written 

f*h»» jj (<*»!• d. 8 ) S tad ~ r - JJ(ds 1 .grad 1) d«,. 



STEADY CURRENTS IN MAGNETIC MATERIAL 


131 


Verify by integrating first with respect to 8 X that the second 
term is zero, so that the force is 

H'hh fj (dsi. ds 2 ) grad \ 

This means that each pair of elements ds 1 and ds 2 at an angle $ 
may be regarded as contributing a force {xi x i 2 cos 6 

14. An electron of mass m and charge e is projected in any 
direction into a uniform magnetic field H. If the field H is taken 
to be parallel to the z axis, show that the equations of motion 
of the electron are mx = eHy , my = —eHx, ml — 0. Deduce 
that in general the path of the electron is a helix described at 
constant speed. 

15. An electron of mass m and charge e is projected with 
velocity v in a direction perpendicular to a uniform magnetic 
field H. Show that it describes a circle of radius p, where 
Hp =s mv/e. This is an important result in studies of atomic 
disintegration by the Wilson Cloud Chamber photographs. 

16. Show that the magnetic fields inside the three cavities 
of § 59 may be calculated by introducing Poisson’s Imaginary 
Magnetic Matter (§ 57) at the boundaries of the cavities, to replace 
the magnetisation I. 

17. Show that the boundary conditions (20) and (21) for A 
lead to the more familiar conditions (7) for B and H. 

18. An electron of charge e is moving in free space with 
constant velocity v. It may be regarded as a small conducting 
sphere of radius a. Use the value of the associated magnetic 

v X P 

field H given in § 55, question (16), viz. H - e ——, to show that 

IT 

the total magnetic energy associated with it is e a t> 2 /3a. Deduce 
that if the “ mass ” m of the electron is supposed to be entirely 
electromagnetic, then m = 2e 2 /3a. If e = 1*60 X 10~*° e.m.u., 
and m = 9*11 gms., show that the radius of the electron is about 
2 x 10“ 18 cms. 
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PERMANENT MAGNETISM 

§ 66. Small magnets 

In some substances, such as iron, there is a magnetic moment, 
measured by its intensity of magnetisation, even when no 
current is flowing to induce magnetism. In such a case we 
say that the substance is a permanent magnet. In this 
chapter we shall discuss such magnets. We shall make the 
further assumption that they are ideally hard; that is, their 
magnetism cannot be affected by any applied magnetic field. 
This assumption, which is equivalent to saying that the 
magnetic susceptibility k is zero, is not completely correct, 
and it will prevent us from discussing certain phenomena 
such as magnetic hysteresis. But it will enable us to under¬ 
stand and to discuss quantitatively many of the properties 
of permanent magnets. 

The smallest unit of permanent magnetism must be the 
individual atoms in which tiny currents give rise to magnetic 
properties (§ 3). It is found, however, that in the substances 
which show permanent magnetism, a large number of such 
atoms are linked together with their tiny currents similarly 
oriented, so that the smallest effective magnetic unit consists 
of a block or domain of atoms * which behaves as a single 
particle. One explanation of this phenomenon is that under 
certain circumstances the fields of the individual atoms of a 
block combine together, thus strengthening or co-operating 
with one another in aligning them all in a certain direction. 
This is the hypothesis of the internal field, due to Weiss. 

* Perhaps 1000, but usually more than 10 10 ; yet even then the block 
is still small on a macroscopic scale, being about 10~ ls c.cm. in volume. 

182 
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Within each block there is complete, or almost oomplete, 
spontaneous magnetisation. In the presence of a suitable 
external magnetic field the domain rotates as a whole, and not 
as a series of separate atoms, thus maintaining its saturation 
magnetism. 

We can describe such a particle by its magnetic moment 
m. It is irrelevant whether we think of this as due to the 
individual atomic currents, or suppose that there are two 
magnetic poles at either end of the particle, giving rise to a 
magnetic dipole moment of magnitude m. We shall find 
both points of view useful, though the former is the more 
accurate. 

The effects of a single magnetic particle m are completely 
specified by the magnetostatic potential £2 P at P, to which 
it gives rise. Just as in the case of an electric dipole (§ 18 ) 
we may write any of the following forms :— 

wcoB0 m.r 1 , 1 /n 

°p = —— = —=- m.grad/. - = + m.gradg (1) 

where r is measured from the dipole Q to the point P (Fig. 42). 



Fig. 42 


The corresponding magnetic field H is obtained from the 
usual law 

H = —grad Q (2) 


The component H r along the radius vector is 
u _ dQ _ 2m cos 0 


. (3) 
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and the component Hq perpendicular to the radius vector is 


1 dQ m sin 6 
~ ~~ r~dO ~ r* 


• (4) 


There does not seem to be any obvious way of calculating 
the magnetic vector potential A, defined in this case by 

curl A == H, div A = 0. . . . (5) 

Probably the most direct method is to replace the small 
magnet by an equivalent current i in a small circular coil of 
radius a , where ttclH = m . A may then be calculated by the 

fds 

standard formula A = i I —. This has already been done 
in § 55, questions (11) and (12), with the result 


A .= 


mxr 


( 6 ) 


r being measured from the dipole to the point P. 
Alternatively, we may work in Cartesian co-ordinates, taking 
m to be at the origin pointing in the z-direction. Then, 

TflZ 

from (1), Q = —. But H = —grad Q , so that 


H x 

Hy 

n z 


3 mxz 

_dA z 

_a Ay 

r 5 

~ &y 

8z 

'Smyz 

= 8A_ X 

8A X 

T* 

8z 

8x 


3mz 2 —mr 2 __ dA w dA K 
r 5 8x dy' 


These equations are all satisfied by taking 


A x 


my mx 

73 ’ A v ^ 7F 


A z = 0. 


Now this is just the particular form taken by (6) when m 
is in the z-direction ; and it is soon verified that div A = 0, 
so that A is correctly defined by (6). The reader may find 
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it easier to remember this formula if it is compared with the 
corresponding formula for Q. Thus 

- m.r A mxr 

U = —r- , A = — 

If an external magnetic field H acts on a magnetic particle 
m, it will exert a couple. This couple is the same as would 
be experienced by a small coil carrying the appropriate current, 
and this may be calculated by using Amp&re’s rules (§ 44). 
In fact, since forces on small coils are of the same type as 
forces on electrical dipoles, which were discussed in § 19, 
it follows that in a field H the couple on a small magnet m is : 

couple =mxH . . . (7) 

Similarly its potential energy in the field is : 

potential energy = —m.H . . (8) 

If H is not constant, there is also a force F on the magnet. 
Let us write w for the potential energy (8), so that 

F — —grad w = grad (m.H). 

If we expand * grad (m.H) it gives 

F = (m.grad)H+(H.grad)m+mxcurl H+Hxcurl m. 

Since m is constant the second and fourth terms are zero : 
and since no current flows at the magnet, curl H = 0. So 

F = (m.grad)H . . (9) 

The mutual potential energy W between, two small 
magnets m and m' separated by a distance r has been found 
in (18) of § 19, though the formula there was obtained for 
electric dipoles. In fact, 

W = } - ~ —— . . (10) 

From this formula all the forces and couples exerted by either 
magnet on the other are easily found. 

* See Rutherford, Vector Methods , 1946, p. 69, or else work in xyz 
co-ordinates, taking m along the % axis, 
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§ 67. A worked example 

As an example of the use of these formulae consider a small 
magnet m placed at P, a distance z (Fig. 43) along the axis 

of a loop of wire of radius a, carry¬ 
ing a current i. We have seen in 
(12) of § 49 that the magnetic field 
at P due to the current is 




k 


H 2= 27na 2 /(a 2 +2 2 )a 


Fig. 43 along the axis of the coil. The 

magnet will therefore experience a 
couple which, according to (7), ; ~ 


, is 


2iricrm . 
- sin a, 

(a 2 +z 2 )a 


tending to reduce a, the angle between m and the axis of the 
coil. Let us suppose that the centre of the magnet is fixed 
at P, but that the magnet is free to rotate about P. Then, 
if I is its moment of inertia, the equation of motion is 

2 iriaPm 

la = couple —-- sin a. 

(a 2 +z 2 ) 2 

If a is small, this may be written 

a= — n 2 a, where n 2 = 27na 2 m/I(a 2 +z 2 )‘2‘ • (H) 


(11) shows that the oscillations are simple harmonic with 
period 2mjn. If i is known a measurement of the period enables 
us to calculate m. 

Next suppose that the direction of m lies along the axis 
OP. There is then no couple on the magnet, but there is a 
force F which, using (9), we can write 


_ 8H fyrriaPmz 
F = m — -- 

dz (a 2 +z 2 )« 


. ( 12 ) 


along the axis of the coil. 
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§ 68. Large magnets 

A large permanent magnet is to be regarded as an 
agglomeration of small magnetic particles. We may describe 
it in terms of the intensity of magnetisation. We shall call 
this permanent magnetisation M in order to distinguish it 
from the induced magnetisation I which was introduced 
in § 56 to account for the magnetising effect of an external 
field. Thus each element of volume dv is equivalent to a 
magnetic dipole of moment M dv. By writing the moment 
in this form we have effectively “ smoothed-out ” the large 
local variations both in magnitude and direction that must 
actually occur among the individual magnetic units and in 
the interstices between them. This will not affect the forces 
exerted outside the magnet, but it does make our discussion 
of what happens inside a little unreal and arbitrary. This 
applies particularly to the question of internal energy, as we 
shall see later. 

We may therefore suppose that a permanent magnet is 
defined by its intensity of magnetisation M. This need not 
necessarily be constant either in magnitude or direction, but 
we have already decided to consider only cases where M is 
completely unaffected by any external magnetic field. Thus 
the essential difference between this chapter and the last is 
that we shall now suppose M to be a known function, 
independent of H, whereas in dealing with induced magnetism 
we supposed that I varied and was directly proportional to H. 
With this alteration most of the previous chapter can be 
adapted to the present case. 

Thus, there is still a magnetostatic potential. If we 
write M dv for m in (1) and integrate we see that 



Putting div - div M+M.grad and transforming by 
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the divergence theorem, we obtain 


Q P 


-s~-^ 


M.dS 


. ( 14 ) 


It appears, as in § 57, that when calculating Q we may replace 
the magnetisation by Poisson’s imaginary magnetic matter: 
(14) shows that this is a volume distribution of magnetic poles 
equal to —div M and a surface distribution M n . The trans¬ 
formation from (13) to (14) is a great help ; for if we try to 
evaluate (13) by direct integration when P is an internal point, 
there are difficulties of convergence which do not apply to 
(14).* We can, however, use (13) for outside points without 
any difficulty. 

Thus at points so far away from all the magnets that 1/r 
may be regarded as effectively the same for all the magnetic 
particles (13) gives 

Q P = j Mp.grad^ ^ dv Q = — J^M^gradp - dvq 

If 1 

= — gradp -. I Tdlqdvq — gradp M, 

where M = J M dv is the total magnetic moment. The 

system therefore behaves at large distances like a single 
magnetic particle of moment M. 

Reasoning exactly as in § 57 we are led to introduce the 
magnetic induction B, which satisfies the equations 

B = H+4ttM, . (15) 

div B = 0, . . . . (16) 

B n and H 8 continuous at a change of medium . . (17) 

If the medium had not been ideally hard, but had a 


* This matter is quite involved, and for a complete account of the 
difficulties, consult Leathern, Volume and Surface Integrals used in 
Physics, Cambridge Mathematical Tracts No. 1, 
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permeability jjl differing from unity (15) would have been 
written 

B = /LtH+47rM = H+47tI+47tM. . . (18) 


However, we have decided to simplify our discussion in this 
chapter by always putting fi = l. At points unoccupied by 
magnetic matter B = H. 

At places where there is no current the magnetostatic 
potential exists and satisfies 

H = —grad Q. ... (19) 
Combining (15), (16) and (19), or else directly from (14) 

V 2 £ = 4tt div M .(20) 


In particular, at all points not occupied by magnetic matter, 
i.e. outside the magnets, and at other points also if M is 
constant = 0 .(21) 


The magnetic vector potential A is still defined by 

B = curl A, div A = 0, . . . (22) 


from which, together with (15), (16) and (19) it is easy to 
show that 

V 2 A = -4tt curl M. . (23) 

Equations (15) to (23) may be called the equations of the 
magnetostatic field. 

In order to obtain the vector potential for a large magnet 
we must integrate the formula (6) for a single magnetic 
particle. If r is measured from the point P to the particle 
(this is a different convention from that used in (6)), 

A P == f Mq x gradg ^ dv Q . . . . (24). 



— - curl M+grad - XM, so that 
r r 


Now 
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W© now make use of the fact that for any vector a, 


j curl a dv = — J* 


axdS 


( 25 ) 


This may be proved by taking each component separately, 
or alternatively, if t is any constant vector we can write 


t. J axdS = I* t.(axdS) 
= J (txa).dS 


= J div (t x a) dv 
= j {a. curl t —t.curl a }dv 


■•j 


curl a dv. 


But t is an arbitrary vector, and so 


J ax dS = — J curl a dv. 


This shows that 

A 


fcurl M C 

=j— H 


MxdS 


(26) 


It is interesting to compare this last formula with the formula 
(14) for Q: 




M.dS 


(14) 


If there is a finite current distribution j as well as permanent 
magnetism M, then by combining (26) and the corresponding 
result (26) of § 52 for currents, we obtain the one equation 


fj+curlM _ f 

-js—*+j 


MxdS 


( 27 ) 
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§ 69. A uniform bar magnet 

Let us illustrate the results of the last paragraph by 
considering a bar, of constant circular cross-section ; the ends 
are perpendicular to the length of the rod, a distance l apart, 
and we suppose that the intensity of magnetisation is constant 
and equal to M, directed along the bar. This is a very fair 
model for a common bar magnet. 

The potential due to this bar magnet may be obtained 
from (14). Since div M = 0 the field is the same as if we had 
a layer of positive poles M at one end and an equal layer of 
negative poles at the other. At large distances, therefore, the 
magnet behaves like a single magnetic dipole of moment 
iraHM , a being the radius of either end. For closer distances 
it behaves as if poles ±ttcl 2 M existed at the two ends. Very 
close to either pole we must take account of the distribution 
over the whole circular end. (For the detailed result see 
questions (18) and (19) at the end of the chapter.) 

If we cut the magnet in two across its length and separate 
the halves, then on each new face poles ±^na 2 M automatically 
appear, a simple consideration of which explains why Poisson 
was unable to obtain isolated magnetic poles by dividing a 
magnet. 

If we have two long magnets of this kind and by means 
of corks we make them float horizontally on water in such a 
way that two of their ends are fairly close and the other 
two very distant, the interaction of the distant poles may be 
neglected and we are able, approximately, to measure the 
forces between isolated magnetic poles. In this way it has 
been shown that the law of force is the inverse square, within 
experimental error. 

We show in Fig. 44 diagrams illustrating the lines of B 
and H for the bar magnet under consideration. The most 
important fact about these diagrams is that outside the 
magnet B and B[ are identical; but inside since B = H+4wM, 
and B n is continuous across the ends, B and H are in opposite' 
directions. The magnetic field H inside the magnet is in a 



142 


ELECTRICITY 


direction opposing the magnetisation M, and for this reason 
it is sometimes referred to as the demagnetising field in 
the magnet. The student should convince himself of the 
approximate accuracy of these diagrams. 

Both diagrams are completely equivalent descriptions. 
But it is quite clear that B rather than H is a more natural 
vector to choose for representing the field. We can under¬ 
stand this if we recall that the atomic magnets from which 
the magnetisation M is compounded are really tiny currents 
flowing in planes perpendicular to the length of the magnet. 



Lines of B Lines of H 

Fig. 44 


When we superpose all the tiny currents in the whole bar, 
the result will be similar to that of § 48, except that instead 
of splitting up one large circuit into a number of smaller 
ones (Fig. 33), we are now combining the small currents 
together. The induction B of the bar magnet is therefore 
the same as if the permanent magnetism had been replaced 
by a current of magnitude IM flowing round the curved sides 
of the magnet. It will be recognised at once how closely the 
lines of B resemble the corresponding lines for a long solenoid. 
Indeed, mathematically, the two calculations are indistin¬ 
guishable. (See § 72, question 26.) 
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§ 70. Energy 

Since the potential energy of a single magnetic particle 
in a field H is —m.H, it follows that the potential energy 
of an invariable magnet is 

potential energy — — |* M. H dv . . (28) 

In particular if the field H is due to another permanent 
magnet, described by H 2 , and the first magnet is described by 
H x and M,, this energy is 

— J* Mj ,H 2 dv . . . .(29) 

Since M l = 0 except in the space occupied by the first 
magnet, we may take the integration over all space. We can 
bring (29) into a more symmetrical form by using the fact 

that J Bj.Hg dv = 0 integrated over all space, including the 
magnets. In fact 

J dv - — J B x . gradfi 2 dv 

~ — J {div (Q 2 B 1 )—£2 2 div BJ dv . 

The last term on the right is zero, since by (16) div B x = 0. 
The other term is transformed by Green’s theorem into a 
surface integral; as there are no discontinuities in Q^B 1 
this surface integral is taken over the sphere at infinity only. 
For a finite magnet considerations of orders of magnitude show 

that this term is zero. Thus J B 1 .H 2 dv — 0, and so (29) 
may be written 

potential energy = — ~ J (B 1 —H 1 ).H 2 dv 

5=5 jjj; J* H^.Hj dv, .... (30) 
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the integration being over all space. The symmetrical form 
of this result shows that it is also equal to — J M 2 .H 1 dv. 

It is possible, by using (30), to deduce all the forces and 
couples on either magnet due to the other, assuming always 
that the magnets are ideally hard, i.e. that the magnetisation 
Mj is quite unchanged by the presence of H 2 . As we stated 
earlier, this is only approximately correct. 

We can also use (30) to calculate the field energy of a large 
magnet. For suppose that the large magnet is built up from a 
series of n separate small magnets. The total field H is the 
sum of the partial fields due to each small magnet, so that 

H = H 1 +H 2 + . . . +H n . .(31) 

Now the energy of the field due to the large magnet may be 
regarded as the work done in bringing these n small magnets 
together under their own mutual influence ; so it is 

1J{ h 1 .h 2 +h 1 .h,+h 1 .h 8 + . . . }dv, 

in which the contribution from each pair of small magnets 
is included. By (31) this may be written 

e»e,s,= I Jh,>J«, + IJ h ,W, + . . 

fH 2 

“Js*” 0 '. < 32 > 

where C is a constant independent of the way in which the 
small units are fitted together: it is therefore a measure 
of their internal energy when separate from each other. (32) 
shows that apart from some unknown constant term we may 
take the field energy of the large magnet to be 

field energy = ~ J H Hv> (33) 

where the integration is over all space, including the magnet. 
We may speak of an energy density H 2 /8?r in a manner 
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similar to that which we have used for electrostatic energy 
in § 28. Indeed, (33) is precisely the same as would be 
expected for the energy of the magnetic field according to 
the discussion in § 64. More accurately, it is the same as 
would be anticipated in those parts of space outside the 
actual magnet itself: inside the magnet we should expect to 
fincb|fae product of B and H instead of H a . 

The result in (33) is of a familiar form, but we must 
remember its limitations ; besides our assumption that the 
magnetisation is invariable for each small particle, we have 
also assumed, in (31), that the principle of superposition 
(§ 7) is valid, and the whole phenomenon of hysteresis shows 
that this is not so ; nor have we shown how the self-energy 
of the small particles —C in (32)—depends upon what 
assumptions we may make with regard to their shape, size 
and number. For these reasons, (33) is to be regarded as the 
energy of a theoretical magnet, rather than a physical one. 
Further discussion of the internal energy of a real magntA 
is beyond the scope of this book. 

§ 71. Terrestrial magnetism 

There is one other aspect of permanent magnetism which 
is of special importance. This is the earth’s magnetic field. 
We are all aware of the use to which it is put in the mariner’s 
compass. A detailed description of the earth’s magnetism 
is very complicated, especially as there are several seasonal 
variations of different periods, but for many purposes it is 
good enough to suppose that the earth behaves like a 
uniformly magnetised sphere, though the direction of 
magnetisation (the magnetic polar axis, which does not quite 
coincide with the earth’s axis of rotation) is slowly changing. 
Let us therefore consider the magnetic field of a sphere of 
radius a (Fig. 45) uniformly magnetised with intensity M 
in the z direction. 

The best way of dealing with this problem is to solve the 
differential equation for the magnetostatic potential S3 , as 
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illustrated in the next chapter. This may be done by com¬ 
bining the analysis of §§ 76 and 79. But Q may also be 
obtained by direct integration, using Poisson’s imaginary 
magnetic matter (§ 68). According to (14), since div M = 0, 
there is no volume distribution of poles and the surface 
distribution is Jf n , i.e. M cos 6 per unit area. Thus 



Fig. 45 Fig. 46 


The proper way of dealing with this integral is to expand 
l/PQ in a series of Legendre’s Polynomials, with OP as polar 
axis (cf. § 78, equation (12)). On integration all the terms 
vanish except one and the result (35) is soon obtained. But 
we give an alternative proof below for the student who is not 
familiar with these important polynomials. 

Let POz = a, POQ — 0, and let us define the position 
of dS at Q by the variables u and 0, where u = PQ and ifs 
is the angle between the planes POz and POQ . It is soon 
verified that 

u 2 = a 2 +r 2 —2ar cos ®, 
cos 0 = cos a cos ®-f sin a sin @ cos if/, 

dS = a 2 sin 6 dd difj = - w du dift . 
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We may therefore write (34) in the form 

{cos a cos 0 + sin a sin & cos 


2rrMa 


2nMa cos 


J cos a 

-s- 


cos @ du 


2 ar 


If P is outside the sphere, the limits of u are r—a and r-\-a : 
but if P is inside they are a—r and a+r. The integration is 
quite straightforward and the result is : 

Q P — 4 ira 3 M P outside the sphere . (35) 

= 4 rrMr cos a, P inside the sphere . . (36) 


(35) shows that at outside points the sphere behaves just as 
if a large magnetic dipole of moment 4 rra*M was concentrated 
at the centre, but at inside points (36) shows that the field is 
uniform, and of strength i ttM. The field lines of B are shown 
in Fig. 46. 

From (35) and (36) the direction and magnitude of the 
earth’s magnetic field are easily obtained. We notice from 
Fig. 46 that at points on the earth’s surface the direction of 
the field makes a non-zero angle with the horizontal meridian 
at the point. This angle is called the angle of dip. Evidently 
the dip has its greatest value of 90° at the magnetic poles 
Z, Z\ 

We shall conclude this chapter with an alternative proof of 
(35) and (36). We mention it because the method of proof may 
be generalised to apply to any uniformly magnetised body. 
(See § 72, questions 21 and 22.) Each element dv of the sphere 
may be regarded as a magnetic dipole of moment M dv : 
this in turn may be regarded as a pair of positive and negative 

poles ± -y-, a very small distance l apart. In this way we 
i 
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may split up the whole magnetism into a uniform distribution 
of positive poles M/l per unit volume filling one sphere, and 
an equal distribution of negative poles filling an equal sphere, 
displaced a very small distance l from each other, as shown 
in Fig. 47. At points outside the spheres each distribution 
behaves like a concentrated pole of size 
M 4 

± X “?7a 3 , so that the field is that 

V O 

due to a magnetic dipole in which the 
pole strength is 47ra 3 3f/3Z, and the 
separation of the poles is l . The moment 
Fig. 47 of such a dipole is %7ra z M, in complete 
agreement with (35). We leave it as 
an exercise for the reader to prove (36) for internal points in 
the same way. 



§ 72. Examples 

1. Show that the time of swing of a magnetic dipole of 
moment m and moment of inertia I in a field H is 2iry/(IlmH). 

2. A tangent galvanometer consists of a coil of n turns of wire 
of radius a, resting with its plane vertical and in the magnetic 
meridian. The horizontal component of the earth’s field is H. 
Show that when a current i flows round the coil a small compass 
needle placed at the centre of the coil is deflected through an 
angle 8 where tan 8 = 2nni/aH . 

3. A small magnet is placed at distance r from an infinite 
straight current i. Prove that in addition to a couple, it also 
experiences a force 2m/r a , where m is the projection of the 
moment upon the plane perpendicular to the current. 

4. Deduce the formula (m. grad)H for the force on a magnetic 
particle in a field H by regarding the particle as a pair of equal 
and opposite magnetic poles a small distance apart. 

5. Show that if we attempt to calculate the energy of the 
field due to a single small magnet by integrating H 2 /Sir throughout 
all space we obtain an infinite value. 

6. In order to avoid the difficulty of the previous question, 
suppose that each elementary magnet is a uniformly magnetised 
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sphere of radius a. Show that — dv is now finite and has a 

J 8 v 

g 

value - 7i where M is the intensity of magnetisation. 

7. Two small magnets are free to rotate in a plane about 
their centres which are fixed. Show that the only two positions 
of equilibrium are those in which the magnets are perpendicular 
to the line joining their centres. 

8. Starting from the formula (10) for the mutual potential 
energy of two small magnets, show that the couple G exerted on 
m is 

m X m' 3(m X r)(m'.r) 
r 8 r 5 


Obtain the same result by writing G = m x H, where H is the 
field due to the m' magnet. 

9. In the previous question why is the couple exerted on m 
by m' not equal and opposite to the couple exerted on m' by m ? 

10. Verify that the vector A whose components are 

/ A yz _ Xxz 

\(x % +y 2 )r 9 (x*+y 2 )r 


( Aa? A y A z\ 

— , — , — j, and div A = 0. 


Show that 


A would be the vector potential for an isolated magnetic pole of 
strength A at the origin. Deduce from this the value of A for a 
magnetic dipole at the origin pointing in the z direction. [See 
(6) in § 66.] 

11. Show, by direct vector differentiation of (1) and (6), 
that curl A = H = —grad 12. 

12. Show that if we attempt to calculate the magnetic field- 

energy of a given permanent magnet by evaluating — f B.H dv 

Sir J 

through all space, the result is zero. Explain this. 

13. Show that with two permanent magnets, in the notation 


of § 70, J B 1# B 8 dv = — J H 1( H a dv. Deduce that their mutual 
potential energy may be written in the form 



Hj. H 8 Bj . B 8 dv. 
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14. Show that the potential energy of an invariable magnetic 
shell of uniform strength p in a given field is —pN, where N is the 
flux of induction of the given field through the shell. 

15. Write down the equations to be satisfied by the potential 
Si due to a uniformly magnetised sphere, and verify that they 
are all satisfied by (35) and (36). 

16. Prove the result (36) for the potential inside a uniformly 
magnetised sphere by the method illustrated at the end of § 71. 

17. One sphere completely surrounds another. The space 
between is uniformly magnetised. Show that there is no field 
inside the cavity. Write down an expression for the magneto¬ 
static potential at any point. 

18. Show that at points on the axis of the cylindrical bar 
magnet discussed in § 69 the induction B is directed along the 
axis and has magnitude 27rA/(cos /?±cos a), where a and ft are 
the acute angles subtended at the point by radii of the two ends, 
and the positive sign relates to inside, and the negative sign to 
outside points. Compare the result with § 49 for the field due to 
a solenoid. 

19. Deduce from the result of question (18) that just outside 
the centre of the positive face of the bar magnet the field H is 

W'-vifWi 

away from the magnet; but just inside the magnet it is 

directed from the positive to the negative face. Notice how this 
confirms the direction of the lines of H in Fig. 44. 

20. If we regard the magnetisation of the bar magnet of 
questions (18) and (19) to be replaced by two layers of positive and 
negative poles ±M per unit area of the two faces, then question 
(19) gives the magnetic field H just outside the positive layer +M. 
But if we had been dealing with an electrostatic problem in which 
a conductor carrying a surface charge a per unit area of the ends 
was substituted for the bar magnet, the electric field would be 
simply 47r<r. Explain the difference between these two formulae. 

21. At a point on the axis inside the bar magnet of the last 
three questions there is a small spherical hole. By using Poisson’s 
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Imaginary Magnetic Matter, or otherwise, show that the field 
at the centre of this hole is | nM—27 tM (cos /?-fcos a). If the 
magnet is very long deduce that the field is § nM in a direction 
opposite to the magnetisation. 


fdS 

22. Show that for a uniformly magnetised solid A = M x I —. 

r dS 

Next show that for a sphere of radius a and centre 0,1 — 


is a vector in the direction from 0 to the point P from which r 
is measured. If OP = R, prove that 


dS _^ 7 rR r a + R 

r R* J | fl — tj| 


(a 2 -f R 2 — r 2 )dr. 


Deduce that the magnetic vector potential for a uniformly 
magnetised sphere is given by 

^ , 4 M X R 

Outside the sphere A = - 7rcr - — 3 

4 

Inside the sphere A = - 7tM x R. 

3 

Interpret your result. 

23. The magnetisation M of a certain body is constant. Show 
that at a point P, 

Q P = —M.gradp f 

J r PQ 

If we put Vp for the electrostatic potential at P due to unit 
volume density of charge throughout the body, show that this 
may be written 

Sip — — M.grad Vp. 


Deduce equation (35) for the potential of a uniformly magnetised 
sphere. 

24. If the magnetisation M of a certain body is constant, 
show that equation (24) may be written 

r dVn 

A p = — MXgradp —-. 

J r P Q 


With the notation of the previous question show that this is 
A = —Mxgrad F, 
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Deduce the results of question (22) for a uniformly magnetised 
sphere. 

25. Show that the magnetostatic potential Q for a uniformly 
magnetised solid is the same, at outside points, as the potential 
due to a magnetic shell closely surrounding the body and of 
strength Mz, where z is measured in the same direction as the 
magnetisation M. 

26. A cylindrical bar magnet of length l is uniformly mag¬ 
netised with intensity M . Show that the vector potential given 
by (26) is precisely the same as we should find for a current IM 
flowing uniformly round the curved surface of the magnet. 
(This was stated without proof at the end of § 69.) 

27. If the earth be regarded as a uniformly magnetised sphere, 
and if 8 is the dip at a point whose magnetic latitude is a, prove 
that tan 8 = 2 tan a. 

28. If the earth is a uniformly magnetised sphere of total 
moment M, prove that an electron of charge e and mass m can 
describe a circle of radius r outside the magnetic equator if its 
velocity is eM/rar 2 . 



CHAPTER IX 


POTENTIAL PROBLEMS 

§ 73. Mathematical equivalence o! all potential pro¬ 
blems 

The solution of a problem in electrostatics may be regarded 
as known when we have determined the electrostatic potential 
at all points. The same is true for the distribution of current, 
and for magnetism, both permanent and induced. The 
reader will already have noticed that the differential equations 
which determine the potential are practically identical in all 
cases : the differences mainly occur in the boundary condi¬ 
tions. For this reason the mathematics used to solve one 
problem may often be used immediately to solve another; 
we have therefore reserved till this chapter a series of problems, 
closely related, to which we may give the name of potential 
problems, since they all consist in solving the potential 
equation under various given conditions. In the next chapter 
we continue the discussion by outlining some important 
special methods. 

Let us first consider the equations that must be* satisfied 
by a potential function. For convenience we shall call it <f>, 
without stating whether the resulting function applies to 
an electrostatic, magnetostatic or current-flow problem. In 
practically all cases we have Laplace's equation. 

(i) V 2 <f> = 0. 

The boundary conditions vary somewhat according to the 
type of problem. Thus 

(ii) 


(f> — constant 
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is the condition on any conductor in electrostatics or electrode 
in current flow ; and 


(iii) f ~ dS is related to the total charge on the con- 
J on 

With a 


ductor or to the total current from an electrode, 
finite system of charges, currents or magnets : 


(iv) 


<f> -> 0 at infinity. 


But if there is a uniform field E 0 at infinity in the z direction, 
this latter condition must be replaced by 

<f> = —E^z+fa, where (f >' is finite at infinity. 


This may be put in the form 

<f>+E 0 z is finite at infinity. 


(v) Further, there can be no singularities in <f> except at 
isolated charges, double layers, electrodes or magnets. Near 
an isolated charge e for example, <f> = e/Kr+fa, where fa 
is finite, r being measured from the charge, so that (fi—e/Kr 

m.r 

is finite. Similarly at a dipole m in a vacuum, <f> - 


is finite. 

(vi) At a sudden change of medium other types of 
boundary, or continuity, conditions are introduced. Thus 
at the boundary between a non-conductor and a conductor 
carrying a current, 



If we have two media, 1 and 2, in contact, we shall generally 
have two distinct analytical expressions fa and <f> 2 valid in 
the two regions, with boundary conditions (cf. § 26) at all 
the common points of 1 and 2, 


— ^ 2 > 

qv their equivalent, 



= *2 


dfa 

dn 
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§ 74. Methods available 

It is quite clear from § 73 that the various types of problem 
are essentially equivalent. Now let us see what methods are 
available for finding <f>. In simple cases, such as an isolated 
charge, a charged sphere or a small magnet, we know at once 
the value of <f >, and the principle of superposition enables us 
to combine together any number of such solutions. There are 
also special methods which we discuss in the next chapter. 
But if our problem does not fall into any of these types, we 
usually expand <f> as a series of harmonic functions * with 
coefficients that must be determined from the boundary 
conditions. 

In spherical polar co-ordinates r, 0, \jj the simplest harmonic 
function is just 1/r, in which r may be measured from any 

arbitrary point. This is sometimes written — -—,, r ft being 
.. l r ~ r ol 

an arbitrary constant vector. Other simple harmonic 

functions are r cos 0 and cos 0/r 2 . Since r cos 0 = 2 , these 
latter are particularly suitable for problems connected with 
a uniform field, as we should expect from (iv) above. These 
three functions are particular cases of the spherical harmonics 
r n P n ( cos 0) and r~ (n+1) P n (cos 0), where P n (cos 0) is the 
Legendre Polynomial of degree n in which n is a positive 
integer, f Since P 0 (cos 0) = 1, and P^cos 0) = cos 0 , we 
recognise at once the nature of our earlier functions. The 
functions r n P n (cos 0) remain finite when r = 0, but not when 
r = infinity ; the opposite is true for r~ vn+1, P n (cos 0). It is this 
fact which usually decides which of the two types will be 
required in a given problem. Both of them have cylindrical 
symmetry about the polar axis 0=0. If, however, our 
problem does not have this degree of symmetry, we require 
to use tesseral harmonics such as r n P™ (cos 0) cos mifj . However 
we shall not use such functions in this book. 

* Any solution of V 2 ^ ~ 0 is called a harmonic function. 

t For a discussion of Legendre’s Polynomials, without which this 
chapter cannot be properly understood, see e.g. Jeans, Electricity and 
Magnetism, or Whittaker and Watson, Modem Analysis. 
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The corresponding functions in two-dimensional polar 
co-ordinates r, 0 are 

log r, log jr—r 0 |, r n cos nd , r n sin nd . 

With these latter it may be necessary to restrict n to be an 
integer, positive or negative, if we want to keep (f> single¬ 
valued over the whole range of d. 

In cylindrical polar co-ordinates r , d , z the standard harmonic 
functions are J m (nr) cos md e ±nz , and J m (nr) sin md e ±nz , 
where J m (nr) is the Bessel function of order m and 
variable nr. We shall not require any of these functions, 
however, in this chapter, nor any of the modifications which 
occur in them if m or n is taken to be complex.* 

There are, of course, many other harmonic functions 
besides those enumerated above. But as we shall see below, 
these are sufficient to deal with a great many important 
problems. The rest of this chapter will be devoted to 
illustrations of their application in the various branches of 
electrostatics, current flow and magnetism. 

There is one other point that we must mention here, 
though we return to it in more detail in the next chapter. 
If by any means whatever we have found a potential function 
<f> which satisfies all the required conditions, this must be the 
correct solution, for it can be proved (§ 83) that the conditions 
we have listed in § 73 are sufficient to define <f> uniquely. 

§ 75. Spherical conductor in a uniform field 

Consider the case of a conducting sphere of radius a 
(Fig. 48) placed at zero potential (i.e. connected to earth) 
in a uniform electric field E 0 parallel to the z axis. If we take 
spherical polar co-ordinates with the axis along Oz , we have 
to find a potential </> which satisfies the following conditions 
(see §§ 10, 13 and 73 (iv)) 

(i) V 2 ^ = 0, 

(ii) <l> = 0 when r = a, for all values of d, 

(iii) <f>+E 0 r cos 6 is finite at r = infinity. 

* See e.g. Coulson, Waves, pp. 14, 76. 
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The form of (iii) suggests that we try the functions referred 
to in § 74 which involve cos 0 times a function of r, We shall 
see the justification for this later. But for the present let us 
see if we can get a solution 


<f> ~ — E 0 r cos 0+ 


A cos 0 
r* J 


( 1 ) 



in which A is an arbitrary constant to be determined. This 
choice automatically satisfies (i) and (iii). It also satisfies 
(ii)if 

A 

— E 0 a + - 2 = 0, i.e. A = E qA 3 . 

Thus the solution of this problem is simply 

<t> = — E 0 r cos 0 + » - . . (2) 

r* 

The lines of force corresponding to this potential are shown 
in the diagram. We may think of the term Etfi z cos 0/r 2 as 
representing the disturbing effect of the sphere. This dis¬ 
turbing effect is the same as if a dipole of moment EtfP was 
placed at 0 pointing in the direction of the field E 0 . (Some¬ 
times called the image dipole, see § 86.) 

It is obviously true that (2) provides us with a complete 
solution. But we inevitably ask: why are there no more 
terms ? To answer this question let us suppose that there 
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\5* 

were other terms. As there is cylindrical symmetry about 
0 = 0, the additional terms must be of the general form 
r~ ln+u P n (cos 6). If we included terms r n P n (cos 6), then 
</>-{-E 0 r cos 6 would not be finite at infinity. So let us try 

<f> = —E 0 r cos 6 + cos 0+ ^ P t (cos 0)+ ... . (3) 

pJS 

This satisfies (i) and (iii). It satisfies (ii) if, for all values of 9, 
0 = i—E 0 a+ cos 6+ ^ P 2 (cos 6) + P 3 (cos 0)+ ... 

\ J CL CL* 

The Legendre polynomials are linearly independent. So 
each coefficient must separately vanish. This means that 
A x = A 2 = A z = . . . =0. Hence the extra terms 

vanish, and (2) is indeed the full solution. 

Knowing <f> we can soon get the induced charge density 
a on the surface of the sphere. For 

(*),_. “ [*• (* + ?) “ 8 e ],.. ■ “• *• 

Hence 

3 

a = — E 0 cos 9 . . . . (4) 

4tt 

This shows that the induced charge is negative on the left 
half of the sphere, and positive on the right half, so that the 
total charge on the sphere is zero. 

If the sphere receives a charge Q it will no longer be at 
zero potential. But we can determine the resultant potential 
by the principle of superposition. In fact, 

tf> = —Erf cos 0 + cos 9 + ~ . . (5) 

The potential of the sphere (r = a) is now Q/a , and all other 
quantities can easily be found. If Q lies between ±3 a 2 E 0 
the surface of the sphere will be divided into a region of 
negative charge and another region of positive charge. 
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. Direction of Eq 


§ 76. Dielectric sphere in a uniform field 

Let us replace the conducting sphere of § 75 by a dielectric 
sphere of uniform dielectric constant K 2 (Fig. 49) placed in a 
medium of dielectric constant K v 
There are now two separate regions 
of space, inside and outside the 
sphere. Let us call the two poten¬ 
tials 0 X and 0 2 . According to § 73, 
and using the same notation as in 
the last section, we have to find <f> x 
and 0 2 so that (see § 26) 

(i) V 2 0i = 0 , V 2 0 2 = o, 

(ii) 0 X -\-E 0 r cos 6 is finite at 

infinity, 

(iii) 0 2 finite in r<a, 

(iv) 0i = 02 on r = a, for all 0, 

(v) K x ^ = K 2 ^ on r = a, for all 0. This is the condi- 

w 1 dr 2 dr 

tion (17) of § 26 that D ni or KE ni must be continuous at the 
change of medium. The results for the conducting sphere 
suggest that we try 

A 

<f> 1 = —E 0 r cos 0+ cos 0 . . . (6) 



02 = Br cos 6 


(7) 


This satisfies (i), (ii) and (iii) whatever the values of A and B. 

A 


It also satisfies (iv) if — E^ + ^ 

K i\- E o- 2 4 


= Ba , and (v) if 
= K 2 B. 


These are two simultaneous equations for A and B, giving 

Ki-Kr 


A = 


B = 


-3 . 
Z i +2Z/ 0 


( 8 ) 


K 2 -\-2K l 

(6), (7) and (8) solve our problem completely. Taking K , = 1 
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we have the case of a dielectric sphere in a vacuum. Taking 
K 2 == 1 we have the case of a spherical hole in a dielectric K v 
This is interesting as it adds something more to the discussion 
of cavities in § 31. The fact that fa may be written in the 
form <f> 2 = Bz shows that the field inside the sphere is quite 

3 

uniform and equal to —B, i.e. —— E 0 . The disturbing 

K 2 -{-2Ki 

effect of the sphere is shown by the dipole term A cos 0/r* 
outside r = a. In Fig. 49 we show the lines of displacement 
D (D= RE) when K Z >K V This shows that the sphere 
tends to concentrate the lines. Just the opposite holds if 

K 2 <K v 

The student should verify that extra terms such as those we 
found unnecessary in (3) are not needed in this problem either. 
If we had required them, they would have been of the form 
A A A 

fa = — Ejr cos 0 + —^ cos 0 + -|P 2 (cos 0) + — 3 P a (cos 0)+ .. 
(f> 2 = B x r cos 0+-B 2 r 2 P 2 (cos 0)-f-B^P^coa 0)+ .... (9) 

§ 77. Small magnet in a spherical hole 

Our next example is taken from magnetism. Suppose 
(Fig. 60) that a small magnet of moment m lies at 0 point¬ 
ing along the z axis, at the centre 
of a spherical hollow of radius a 
surrounded by a medium of uniform 
permeability fi. Measuring from 0 
as origin we have to find two poten¬ 
tial functions <f> l and <j> 2 , so that 
(see §§ 66, 68) 

(i) vVi = 0, V 2 fa = 0, 

(ii) fa-+ 0 at infinity, 

(iii) fa—m cos 0/r 2 is finite at r = 0, 

(iv) fa = <f> 2 at r = a, for all 0 , 

0(f) * _ 

(v) — = a at r = a, for all 0. This is the condition 
or or 

(17) of § 68, that B n is continuous at the change of medium. 
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In view of (iii) it is natural to look for solutions involving 
r cos 0 and cos 0/r a . We leave it as an exercise to the reader 
to verify that if we write 


, m cos 0 a 

<f>i = —--h A r eos 0, 

B cos 0 
9 2 ~ 15 ’ 


our conditions are all satisfied by 

2(1 fx) m 3m 

1+2/x a 3 * 1+2/x 


( 10 ) 


§ 78. Point charge outside a dielectric sphere 

Our next problem is a little more difficult. We are to 
find the potential function due to a point charge e placed at 
B (Pig. 51) a distance b from the 
centre of an uncharged dielectric 
sphere of radius a. The notation 
is shown in the figure. We have 
to find two potential functions <j> 1 
and <f > 2 so that (see § 26) 

(i) V 2 <f>! = 0, V^ 2 = 0, 

g 

(ii) <f> 2 — is finite at R = 0, R being measured from J3, 

(iii) (f > 2 -> 0 at infinity. More accurately, since the total 

6 1 

charge is e, we shall have <^ 2 = - + higher powers of at 

T f 

infinity, 

(iv) is finite if 

(v) ^ 1= =^ 2 onr = a, for all 0, 

Of QJ 

(vi) Jf ^ = -^ 2 on r = a, for all 0. This is the continuity 
condition for D n at the change of medium. 

h 
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This problem is one in which we shall need all the 
Legendre’s functions of § 74. So let us write 


<f> t = cos 6) + A 2 r 2 P 2 (gos d)+ . . . 

± __ e , , B o , -Bx-fVcos 9) ( B^oos 9) 

-f- — H ^ 1 


+ . . (ii) 


We must find values of A 0 , A v ... B 0 , ... C so that the 
conditions (i)-(vi) are satisfied. Now (11) automatically 
satisfies (i), (ii) and (iv). It also satisfies (iii) if C = 0 and 
B 0 = 0. To deal with (v) and (vi) we have to use the fact 
that if r <b , 

i = Pi(cos e) + p Pa(cos e) + • • • ■ (12) 


Conditions (v) and (vi) now give us two equations in 6, which 
must be satisfied for all values of 6. Since the P n functions 
are linearly independent, we may equate coefficients of each 
P n (cos 6) on the two sides of each identity. Then (v) gives 


^0 — b > — a , 


n+1 


ea n 

+ P+i’ 


1 , 2 , . . .) 


and (vi) gives 


nKAnd*- 1 = - 


(n+l)B n nea n - 1 
a n+2 ~b n ’ 


(n = 1, 2, . . .). 


In this way each coefficient ^4 n and £ n is obtained, and the 
potential is known. 

If we want to find the force on the charge at B y we shall 
have to calculate the field there by differentiating <f> 2 . But 
the first term e/R in <j> 2 must be omitted since this is simply 
the direct field of the charge and no charged particle can 
move itself by means of its own direct field. The effective 
field is therefore 

a /, e\ 
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measured at 6 = 0, r = b. Now at 6 = 0, each P n (cos 6) = 1, 
so that the effective field is 


2 Bj as 2 

+ 6 * 


and the force on the charge at B is a force S 


b n + 1 


in the 


direction OB. 


§ 79. A two-dimensional problem in magnetism 

Problems in two dimensions are generally best done by 
the methods of our next chapter. But we can briefly illustrate 
how the methods of this chapter may also be applied, if 
we wish. Consider an infinitely 
long circular cylinder uniformly 
magnetised in a direction perpen¬ 
dicular to its axis (Fig. 52). Let 
us use cylindrical polar co-ordinates 
in which the origin is at 0, the z 
axis is taken to be the axis of the 
cylinder and the 6=0 direction (or x axis) is parallel to 
the permanent magnetisation M. We have to solve the 
equations (see § 68) : 

(i) V 2 ^ = 0, Vty 2 = 0, 

(ii) <J> 2 —^ 0 at infinity, 

(iii) <f> x is finite for r<a, 

(iv) (f> x = (j> 2 on r = a, 

(v) — ^ cos 6 = — on r = a. This is the 

or or 

condition that B n is continuous at r = a. 

Let us expand <f> x and <f> 2 in series form. 

<f> x = BA n r n cos n6 , n = 1,2,... 

cos n6 y n = 1, 2, . t . . . (13) 



> 

e axis 


Fio. 62 
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This automatically satisfies (i), (ii) and (iii). Further, (iv) and 
(v) are satisfied if and only if 

A 1 = %tM, B x = 277 Ma 2 , A„ = B n = 0 when n>2. 

In this way we have obtained the complete solution. 

§ 80. Another two-dimensional problem 

A rather more difficult two-dimensional problem is shown 
in Fig. 53. An infinitely long 
line-charge of strength e (see § 12 , 
question 15) at A is parallel 
to an infinitely long dielectric 
cylinder of radius a, and OA — f. 
We are to find the potential 
function at all points. 

The potential due to a line 
charge e at A, without any 
disturbing effects due to the dielectric, is (see previous 
reference) 

</> = —2e log JS+constant, 

where R is measured from the line charge A as in the figure. 
We have therefore to find two potential functions <f> x and <f> 2 
valid in the regions 1 and 2, such that (see § 26) : 

(i) V^i = 0, W 2 = 0, 

(ii) <f> 1 is finite in r<a, 

(iii) ^ 2 +2e log R is finite for r^a, 

(iv) <£i = <f >2 on r = a, 

We therefore put 

CO 

(f> x =EA n r n cos n9, 

n = U 

tf> 2 — —2e logR+2^ oos nO 
n—0» 



. ( 14 ) 
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This automatically satisfies (i), (ii) and (iii). To satisfy (iv) 
and (v) we use the fact that if r<f, 


log R = log/ 


— cos 20 — . 


This is most easily proved in complex co-ordinates by putting 
z = x+iy, expanding log (/—z) in powers of z//, and then 
taking the real part. Thus condition (iv) gives, on comparing 
coefficients of cos nd : 

0 p/jn R 

In the same way condition (v) gives : 


nKA n a n - 1 


2ea n ~ 1 nB n 

~~f n tf* 1 


(n = 1, 2, . . .) 


These two equations determine the whole solution, apart from 
an arbitrary constant. Such a constant represents an arbitrary 
zero of potential (in two-dimensional problems it is seldom 
possible to put the potential zero at infinity). 

When solving such problems as these, in two or three 
dimensions, the student is strongly advised to follow the 
same procedure as in §§ 76-80, i.e. to begin by making a 
list of all the conditions that the potential must satisfy. It 
is impossible then to leave out any of the conditions by 
mistake, and the whole solution can be set out quite 
systematically. 


§ 81. Problems with axial symmetry—a useful device 

When a three-dimensional potential problem has axial 
symmetry, it is generally best to use spherical polar 
co-ordinates r, 0, 0, and to take the axis of symmetry as the 
polar axis 0 = 0. In such a case the potential is independent 
of ifr, and we can write 

+ =2 |^ n r« + A J p n(cos 6), . . (16) 

where A n and B n are certain constants to be determined. 
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Along the axis of symmetry 0 = 0 so that P n (cos 0) = 1, 
and r = z ; thus <f> reduces to 


fiaxis — £ 


A 2» 4- — 
A « z + z »+i 


• (17) 


Now it may happen that we are able, by other means, to 
calculate the potential along the axis of symmetry. In that 
case, by comparing our result with (17) we determine at once 
the coefficients A n and B n . This means that the complete 
potential function (16) is now known, for points off the axis 
as well as for those on it. 

The simplest illustration of this useful device is found in 
calculating the potential due to a circular wire carrying a 
current i. We have already determined in § 49 the potential 
at points along the axis of symmetry. Using the notation of 
Fig. 34 we have shown in (11) of § 49 that 

= 27n'{l-z/V(a 2 +z 2 )}. 


If we write this in the form required by (17) we need two 
separate expansions : 


2 <« •• <f>axu = 2wt 


1-1" 9- s 

a 2a 3 


z>a : <f> axi , 


= 2 iri 


a?_3a* 

' 2z 2 8z i + 


It follows that the potential <j> is given at all points by an 
expression of the form (16), where, 


if 


r<a, B n = 0, A 0 = 2 mi, A 2 — A t — 

. 2mi . _ ,,,,1.3. 

A t = —, A 2n+i = 2 t7»(-1)"+ g-g — 


. = 0 , 

(2»—1) 1 
2 n a in+1> 


and if r>a, A„ = 0, B 0 = 0, J3 2 = B t = . . . = 0, 


B x = 2m' -g, B an +! 


: 2»rt‘( —1)' 


1.3 


(2»+l) 


2.4 .. . (2»+2) 


a*"+*. (18) 
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From this it is a straightforward matter to calculate the field 
at all points and so we complete the discussion which was 
commenced in§ 49. 

§ 82. Examples 

1. Show that the least charge Q that can be given to a 
conducting sphere of radius a so that when the system is placed 
in a uniform field E 0 no part of the sphere is negatively charged 
is Q — 3a 2 E 0 . 

2. A conducting cylinder of radius a and infinite length is 
placed with its axis perpendicular to a uniform field E 0 . The 
cylinder is at zero potential. Calculate the potential at all 
points and deduce that the greatest surface density of induced 
charge is jE7 0 /2tt. 

3. Show that (8) gives for the field inside a small circular 
cavity in a dielectric the result stated at the end of § 31. 

4. A charge e is placed at a point P outside an uncharged 
conducting sphere of radius a. The distance of P from the 
centre O of the sphere is /. Show that the potential at any point 
whose distance from P is R may be put in the form 

6 00 a 2n+1 

Show that this may be transformed to 

e ea/f ea/f 

* = r ~ n; + * 

where R x is the distance from the inverse point of P with respect 
to the sphere. (Charges ea/f at 0 and —ea/f at the inverse point 
are called the images of P in the sphere : see next chapter.) 

5. Verify that the extra terms in (9) are not needed, i.e. 
A 2 = A z = .. = B % = B z =.. = 0. 

6. A point charge e is placed a small distance c from the 
centre of a spherical cavity of radius a in an infinite dielectric. 
Show that the charge experiences a force approximately equal 
, 2(J3C—1) e*c , 

to ~2K+T aWay fr0m 

7. A spherical hole of radius a is cut out of an infinite block of 
uniform conductivity. At large distances the current flow is 
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uniform and in the z direction. Show that the potential funotion 
is $ = A j cos 0 . Deduce that the lines of flow are 

r 8 —a 8 = Gr cosec 2 6. 


8. Solve the potential equations for a uniformly magnetised 
sphere (cf. § 71). 

9. A sphere of radius a and permeability /z is placed in a 
uniform magnetic field H 0 . Prove that the field inside the 
sphere is uniform with value 32? 0 /(/Li-f 2). 

10. Verify that the solution in (10) for the potential due to 
a small magnet in a spherical cavity satisfies all the conditions 
(i)-(v) of § 77. 

11. A magnetic particle of moment m is at the centre of a 
spherical hole of radius a cut in an infinite block of matter of 
permeability fi. A uniform field H 0 exists at infinity, and the 
magnetic particle points at an angle a with the direction of H 0 . 
Show that the field inside the cavity consists of the field due 
to the magnet m together with a constant part whose direction 
makes an angle p with H 0 , where 


cot fi = cot a + 


3 fia s H 0 
— sin a’ 


12. A small magnet of moment m is at the centre of a spherical 
shell bounded by spheres of radii a and b and filled with material 
of permeability /x. Show that outside the shell the field is the 
same as that of a magnet of moment m\ where 

9fib 3 m = m / {(fi+2){2 f x + l)b 3 -2( H .~-l) 2 a 3 }. 


13. A spherical uncharged conductor of radius a is surrounded 
by a dielectric whose outer boundary is a concentric sphere of 
radius 6. It is placed in a uniform field E 0 . Show that the total 
positive and negative charges induced on the sphere are 
± 9Ka*b*E 0 /4{(K+2)b*+(2K - 2)a 3 }. 

14. The point charge e at B in Fig. 51 is replaced by a dipole of 
moment m pointing away from 0 . Show that the potential outside 
the sphere may be obtained from the solution (11) in the form 

m.R 0^(008 0) C^jycos 0) 

^^- + • • •’ 

_m 8B n 

° e 8b ‘ 


where 
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15. A charge e is placed at a point G distance c from 0, lying 
between two conducting spheres of radii a and 6, whose centres 
are at 0 . The two spheres are put to earth. Show that between 
the spheres the potential may be expressed in the form 


* = ^ + S{A n r”+B n r-<^}P n (coB 8), 


where R is the distance from <7, r and 0 are measured from O 
and the line OC respectively, and 


e |' C 2n+l_ a 2n+ 1 >| ^ 

^+I\ 62 n+l_„ 2 n +l | ’ Bn 


—ea 2n+1 1 b 2n+1 — c 2n+I 
c“+i (6*»+i —a 2 »+i ) ' 


16. A line source e is placed at a distance / from the axis of 
an infinite conducting cylinder of radius a, which is kept at zero 
potential. Show, by reasoning similar to that used in § 80, 
that the potential is 


( 00 a 2n 

^=-2e{logiJ + £ i — 


cos nd+C log r+D j. 


where G and D are constants. Verify that this may be written 
^ = —2e|log iJ—log J2'+log^|, 


where R* is the distance from the inverse of the given line source 
in the cylinder. 

17. A total charge Q is spread evenly over the surface of a 
circular disc of radius a. Show that at points on the axis of 
symmetry, a distance x from the disc, the potential is 

20 

4- axis = {V(**+«*)-*}• 


Hence show that at any point for which r>o, the potential is 

. (2n + l) a*" 


00 1.3.5 

4> ^2QZ (- 1 )» 

»- o 


2.4.6 . . . (2n+2)r*"+> 


•P,„(cos 8). 


Find a corresponding expression valid for r<a. 

18. A cylindrical bar magnet of radius a and length 21 is 
uniformly magnetised along its length with intensity M , Show 
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that at a point on the axis a distance x from the centre of the 
magnet 

tans = 2*M{V[a 2 + (^-/) 2 ]-\/[^ + (^+0 2 ]+2Z}. 


By expanding in powers of x show that at large distances the 
potential takes the form 


2i tMclH 


Pi 


(cos 6) + terms of order r~ 4 . 


Deduce that the magnet behaves like a single particle of moment 
2 irMaH. 

19. Two circular loops of radii a and b are perpendicular to 
the line joining their centres, which are a distance c apart 
(Oa^b). Unit current flows in the coil a whose centre is 0. Use 
(18) to determine the radial component of the field measured 
from 0, and by integrating over a suitable spherical surface 
show that the coefficient of mutual induction of the two loops 
(§ 53) is 


M n 


co 

=- 


n- 0 


2(n + l)Z? 2 » H - 1 

JR2«+1 




where /x = cos 6, R 2 = 6 2 +c 2 , /xo = c/R , and B 2n+l is the same 
as in (18) with i = 1. If R is large show that this gives 
2n 2 a 2 b 2 

M 12 = ——-h 0 (jR - 6 ). (Cf. Chapter VI, question 15.) 

Jv 
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§ 83. Uniqueness 

We saw in Chapter IX how it was possible to solve the 
potential equation for several special cases. But the whole 
of potential theory would be irrelevant and useless unless 
we could be sure that the function we obtained was unique. 
So we shall now prove that there is only one potential 
function which satisfies all the requisite conditions. The 
proof below applies to electrostatics, but the student will 
have no difficulty in adapting it to suit either current-flow 
or magnetostatic problems. 

Imagine then that we have an electrostatic system con¬ 
sisting of one set of conductors, each carrying a given total 
charge : another set of conductors each kept at a given 
potential: and a given volume distribution of charge, in the 
presence of given dielectrics. This is the most general type 
of electrostatic problem. We shall show that there cannot 
be more than one potential function <j) for this system. 

For suppose that there are two potential functions <f> 1 and 
<f> 2 , which satisfy all the required conditions. According to 
§ 26 these are : 

div (K grad <f> x ) = — 4t>t> = div (K grad <f> 2 ), 

<f> 1 and <f> 2 -+Q at infinity, 
fa and fa are finite except at point charges, 
fa and <f> 2 are constant over the surface of each con¬ 
ductor, and have prescribed values on one set of 
conductors, 
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dS y the integration being over each 


of the conductors whose total charge is given. 

Put 0 = 0J—0 2 . The* 1 in order to prove that 0 X and 0 2 
are identical, it will be sufficient to show that 0 = 0. Now 
from the separate equations for <f> 1 and <f> 2 it follows at once 
that 


(i) div (K grad 0) = 0, 

(ii) 0-> 0 at infinity, 

(iii) 0 is finite except at point charges, 

(iv) 0 = constant on the surface of all conductors, and 
in particular 0 = 0 on any conductor whose potential is 
prescribed, 


(v) 


J 


K^~dS = 0 on any conductor whose total charge 


is given. 

Now consider the integral J K grad 0.grad 0 dv , taken 

over all space outside the conductors, point charges counting 
as tiny spherical conductors. The integral transforms as 
follows : 


J K grad^. grad cf> dv — J {div (</> K grad^) —<f> div (K grad <f>)} dv 
=J<£ K grad (f>. dS — 0, from (i). 


This latter integral is taken over the sphere at infinity, where 
dS is determined by the outward normal, and over all the 
conducting surfaces where dS is determined by the normal 
directed into the surface. On each conductor whose potential 
is fixed, 0 = 0 from (iv), and the integral is zero. Over any of 
the other conductors whose charge is fixed, we can write 

J 0 K grad 0.dS = —0 Ik ~ dS = 0, from (v). 
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Finally, at infinity <f> vanishes at least to order l/r, so that 
grad <f> is at least of order l/r 2 . Thus the integral over the 
sphere at infinity is also zero. Hence in all cases the integral 
vanishes and it follows that 

J K (grad <f>) 2 dv = 0. 

Since K is essentially positive, this means that grad <f> = 0, 
so that <f> 2 = <f> = constant. Over some of the surfaces, 
and at infinity, <f> x = <f> 2 , and so the constant is zero. Hence 
<f> x and <f > a are identical, and the potential function is unique. 


§ 84. An application of uniqueness 

One application of this theorem may be given. Suppose 
that with a given system of charges we select two of the 
equipotential surfaces and <j> 2 completely surrounding all 
the charge. Let us make them into two conducting surfaces 
connected to the terminals of a battery. The potential 
distribution between these conductors is just the same as 
in the original field, provided that their potentials are kept 
at (f> 1 and <f> 2 . The charges induced on the inner faces of the 
f K dd> 

two conductors are i ^ dS. In particular, if we regard 

the two conductors as forming a condenser, all other charges 
being removed, its capacity is 


1 


(^i—^2) J 


dS 


(1) 


§ 85. Images in a plane 

A second very important application of the uniqueness 
theorem is found in the method of images. We can illustrate 
this by an example. Consider (Fig. 54) two charges ±e 
at A and B in free space. The lines of force go across from 
A to B as shown in the diagram, and the potential at any 
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point is <f> = elr L —ejr 2 , where r x and r 2 are the distances from 
A and B respectively. It is quite clear that along the mid¬ 
plane XY where r x = r 2 , the potential is zero. In fact we 
may say that 

<f> = el ri -e/r 2 . . . . ( 2 ) 

is a potential function which gives potential zero all over the 
infinite plane XY, tends to infinity like e/r at A, and tends 
to zero at large distances. But these are precisely the 
conditions that must be satisfied by the potential when a 
point charge e is placed at A outside an infinite conducting 




plane XY at zero potential (Fig. 55). So by the principle of 
uniqueness we have now solved this latter problem. It 
follows, therefore, that on the right-hand side of XY the 
potential is given by (2). 

We may describe the situation by saying that if a charge 
e is at A outside the infinite conducting plane XY which is 
kept at zero potential, the potential on the right of XT is just 
the same as if the plane were removed and replaced by a 
charge —e at B. We refer to this as the image charge of 
A in the plane. 

The potential (2) is, of course, only valid on the right of 
XY, and the lines of force which start from A end at XY, 
as shown in Fig. 55. Unless there are some other charges 
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present, the potential is zero everywhere to the left of X3\ 
It is important to realise that the charge —e at B has no 
more real existence than an optical image; all that we can 
say is that on the right of XY the system behaves as if we 
replaced the infinite plane by a charge —e at B. 

If we know the potential we can easily calculate the field 
and the density of charge at any point of XY. Thus at P 
in Fig. 55, 


477(7 — — 


e<f> 

8n 9 


and on substituting the appropriate value of <j> it is soon 
verified that 


—ae 

2tt (AP) 8 ’ 


. (3) 


where a = AO is the shortest distance from A to the plane. 
The induced charge on IF is practically all concentrated 
near 0 and the density falls off as the inverse cube of AP. 

Also, the force acting on the charge e at A is simply 
the force that would be exerted by the image charge —e, at 
B. This is an attraction towards the plane of magnitude 
e 2 /4a 2 . 

The method of images is readily extended. Thus, let OX 


and OY (Fig. 56) be two semi-infinite 
perpendicular planes at zero potential, 


1 

and let a charge +e be placed at A. 

The student will easily verify that the 

-e 

C 

• 

A 

image system consists of the original 


0 X 

charge +e at A, together with —e } — e 
and +e at B , C, D respectively. In 

t* 

D 

1 

r* 

B 

the first quadrant XOY the potential 
at a point P is, again taking K = 1, 

( i 1 1 I | 

Fig. 

66 

* ~ e (AP~BP~CP + DP, 

• 

• (4) 


A similar method may be used if the angle XOY is of the 
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form 7 r/w, where n is an integer. The case in which n is not 
an integer cannot be solved by the method of images (see 
§ 90, question (25) for the corresponding problem in two 
dimensions), and we must have recourse to the technique of 
Chapter IX. 

It is evident that an image system similar to that of 
Figs. 54-56 would exist if the point charge at A was replaced 
by a line charge e parallel to the planes. Thus, corresponding 
to the example of Fig. 55, we should have a line charge e 
parallel to an infinite conducting plane at zero potential. 
The potential on the right of XT would be the same as that 
due to two line charges ±e at A and B, so that 

(f)== — 2e log r 1 +2e log r 2 . . (5) 


§ 86. Images with spheres and cylinders 


Another important image system is found as follows. 
Consider (Fig. 57) two charges +e and —e' at A and B. The 

potential due to these by them¬ 
selves is 

4> = e l r i~ e 'l r i> 

where r 1 and r 2 denote distances 
from A and B respectively. So 

d> = 0 on the surface 
Fig. 57 r 



r i/ r 2 = e/e' • • (6) 


This surface which is spherical is shown in Fig. 57 with its 
centre at some point 0 on the line AB . The relation between 
e, e f and the various distances may be put in a more useful 
form by letting OA =/, and the radius of the sphere be a . 
We leave it as an exercise to the student to verify that (6) 
is equivalent to the following statement—a charge e at a point 
A distance / from the centre of a sphere of radius a, together 
with a charge —eajf (= e') at a point B on the line OA such 
that OB = a 2 //, give zero potential on the sphere. A and 
B are obviously inverse points with respect to the sphere. 
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It follows, just as in § 85, that if a charge +e is placed 
at A outside a conducting sphere connected to earth, then 
the potential outside the sphere is the same as if we replaced 
the sphere by a charge —ea/f at the inverse point B. Thus, 
if r x and r 2 have the same meaning as in (6), the potential 
outside the sphere is 




. (?) 


Inside the sphere the potential is zero. The charge — ea/f 
at B is evidently the image charge of e at A. 

Once we know the potential all other quantities are soon 
found. In particular, since tubes of force can only begin 
and end on charges, Fig. 57 shows us that the net number 
of tubes that arrive on the sphere’s surface is simply the 
same as the number that would end on the image charge 
at B in the absence of the sphere. Thus the sphere carries 
a net negative charge —ea/f. 

If, instead of being at zero potential the sphere is given 
a total charge Q , the complete potential will be the super¬ 
position of (7) and the potential due to an isolated sphere 
carrying charge Q+ea/f. In that case, measuring r from 
the centre O : 


1 

r x r 


(Q+ea/f) 

r 


( 8 ) 


In particular, if a charge e is placed at a distance / from 
the centre of an uncharged conducting sphere, so that Q = 0 
in the above equation; the potential at outside points is 
the same as that due to the original charge, together with a 
charge —- ea/f at the inverse point and a charge +ea/f at 
the centre of the sphere. (Cf. Chapter IX, question 4.) The 
latter two charges are now the images of the first charge. 

A similar system of images can be calculated for the 
two-dimensional case of a line charge parallel to a conducting 
cylinder. We leave this as an exercise for the student. 

M 
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By combining two or more sets of images, we can similarly 
discuss more complicated problems. Thus, since a dipole 
may be regarded as two large almost coincident charges, its 
image in a plane is a similar dipole and in a sphere it is a 
dipole at the inverse point, whose magnitude and direction 
are soon determined, together with a charge at the inverse 
point (§ 90, question 11). Other examples of images will be 
found in the questions at the end of the chapter. The 
student will recognise that the method of images is often a 
very quick and useful way of short-circuiting a more elaborate 
solution of the potential equation. 


§ 87. Two-dimensional problems, conjugate functions * 


It often happens that the potential problem which we 
have to solve involves only two variables x, y. We have 
already met this situation in the flow of current in a thin 
plate (§ 39) and in the magnetic field round a long straight 
wire (§ 51). We shall devote the rest of this chapter to a 
discussion of such cases, using the powerful method of 
complex variables. 

Our fundamental problem is to seek solutions of Laplace’s 
equation, and then to make them satisfy the relevant boundary 
conditions. In the two-dimensional case that we are 
considering, Laplace’s equation is 


;^ 4-^=0 
dx z ' dy z 


(9) 


In order to solve this equation we put z = z+iy, where 
i = V—1. The student must not confuse this complex 
variable z with the third space co-ordinate, which will indeed 
be completely absent till Chapter XI. 


* Before reading further the student should familiarise himself 
with the properties of complex variables and conformal representation, 
as e.g. Phillips, Complex Variable , Oliver and Boyd Ltd. Readers 
not familiar with these subjects should omit the rest of the chapter, 
which will not be needed in the remainder of this book. 
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Now consider any function of z, which we write 

w =/(z) =f(x+iy) = <f>(x, y)+iif/(x, y), . (10) 

so that <f> and if/ are the real and imaginary parts of f(z). 
Clearly by simple partial differentiation of w —f(x+iy) 

d 2 w dho _ 
dx 2 + df~~°' 

Separating the real and imaginary parts 

V 2 ^ = 0, VV = ° • • . (11) 


Hence <f> and if/, as defined by (10), are each possible potential 
functions satisfying (9). Their close relationship in (10) 
suggests that we call them conjugate functions. By 
partial differentiation of (10) we have 


dw „ dw 

= if\z) = i™ 

dy dx 


Equating the real and imaginary parts, we obtain the 

Cauchy relations : 

i=^ = real P artof /'w> 

dili d<j> 

— = — ^ = imaginary part of/'( 2 ) . . (12) 


These two statements may be summed up in the one state¬ 
ment that if and s t are perpendicular 
directions related in the anti-clockwise 
fashion of Fig. 58, then 


8s 2 


(13) 



Fig. 58 


In particular, if s 1 is taken along a contour 
^ = constant, tylds 1 = 0, so that 8ifi/ds t = 0, showing that 
ifi is constant along the s, direction. Now for different values 
of the constant, <j>(x, y) = constant represents a whole family 
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of curves. Thus <j>(x, y) = constant, and y) = constant, 
are two families of curves which cut orthogonally. 

It is usual to regard <f> as the potential function, and then 
if/ is called the stream function, though we could of course 
interchange <f> and if/.* The contours <f> — constant are 
equipotentials, so that ip = constant must be the equation 
of the lines of force. In hydrodynamics if/ = constant 
represents the lines of flow, and this accounts for if/ being 
called the stream function. 

An example will illustrate what we have been saying. 
Let us take/(z) = z 2 , so that (10) becomes 

w — z 2 — x 2 —y 2 -\-2ixy. 

i.e. cj>(x, y) = x i -y i , i)j(x, y) = 2 xy. 

We see that <f> = 0 on the two perpendicular lines y = ; 

the other equipotentials are the rectangular hyperbolae 
x 2 —y 2 = constant, shown in Fig. 59. 
The lines of force are the orthogonal 
hyperbolae xy = constant, shown dotted 
in the diagram. This potential function 
would solve the problem of a condenser 
formed by two conductors, one of which 
is the planes y = ^x, and the other is 
any member (e.g. PQES) of the family 
of hyperbolae x 2 —y 2 — constant. 

It is not difficult to calculate the 
charge distribution in such a problem. 
Fig. 59 For if a is the density of charge at a 

point Q, 47r<7 = —cty/du where d/dn 
denotes differentiation along the normal from right to left. 
According to (13) this is 

dib 

* na==+ £’ ■ ■ ■ • < 14 > 

where djds denotes differentiation along the conductor from 

* Some writers do interchange <f> and and then they write 
w =/(«) = ijifat y)+ty(** y )• 
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R to Q. Hence the total charge between Q and R per unit 
thickness perpendicular to the xy plane is q, where 

•ff =^ T j ads = • • ( 15 ) 

This gives us a ready means of calculating capacities. 

We can also calculate the field E, since, from (12) 

E x = —(fyjdx = — real part of /'(z), 

E y = —difi/dy = imaginary part of f'(z) . (16) 


From this it follows that 

E = \m i = 


dw 

dz 


and the direction that E makes with the x axis is 

dw 


arg /'(*) 


arg Tz 


■ (17) 

• (18) 


These last two equations suggest that it is often easier to 
work directly in terms of w rather than in terms of <f> and ip. 
This is indeed the case, as can be seen from the following 
special cases. 

(a) Line charge e at the origin. —We have already seen 
(Chapter II, question (15), and Chapter IX) that the potential 
(f> for a line charge e at the origin is <f> = —2e log r. This 
is obviously the real part of the function —2c log z, so that 

(f> = —2e log r, ift = — 2e 0 , w = — 2e log z . (19) 


If the line charge is at the point z 0 , then by a simple change of 
origin 

w = —2c log (z— z 0 ) . . . (20) 


(b) Line electrode of strength 1. —For a line electrode in a 
medium of conductivity a from which a current I * per unit 

* In this chapter we must use I, rather than i, to denote the total 
current flowing along a wire or leaving an electrode, for though j is 
often used to denote V — i in electrical current problems such as those 
of Chapter XII, the notation z = x+iy is firmly established in 
mathematical tradition. 
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thickness is flowing, it follows from (20) and § 38 that 

w = ~ i log (z-Zo) * ■ ■ 


(c) Line doublet m at the origin .—If the doublet is in the 
x direction, then by regarding it as the superposition of two 
large adjacent line charges, it can be seen that 


, mx , my m 

If the doublet is in the y direction 

. my , mx im 

T 

If the doublet makes an angle a with the x axis, 

me ia 


( 22 ) 


(23) 


(24) 


and if it is at the point z = z 0 , then 


w = 


2— Zn 


(25) 


(d) Magnetic field of uniform current I in a straight 
wire .—We have seen in § 51, equation (20) that if the current 
flows through the origin perpendicular to the xy plane, then 
the magnetostatic potential is —2 Id. This is the real part 
of 2 il log z, so that 

<p = —2 19,ip = 21 log r , w = 2il log z . (26) 
If the current flows through the point z 0 , 

w = 2il log (z—z 0 ) . . . (27) 

(e) Uniform field E 0 . —With a uniform field E 0 in the 
direction Ox 

<f> = —Etfc, tp = w = —Etf . (28) 
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With a field 2? 0 in the direction Oy> 

<j> = — E$> 0 = +E& w = iEffi . . (29) 

and if the field makes an angle a with the x axis, 

w = —E 0 e~ ia z .... (30) 

Other cases will doubtless occur to the reader, but by 
suitable combinations of (19)-(30) it is possible to solve 
many problems of this nature. We give one example. 

A line source e is at the point z 0 above the infinite plane 
y = 0, which is kept at zero potential. By the method of 
images (see (5)) we know that the potential is the same as 
that due to a line charge e at z 0 and a line charge —e at the 
image point. This is the complex conjugate z 0 . Hence 
from (5) and (20), 

w = — 2e log (z—z 0 )+2e log (z—z 0 ) 

= -2elog^-° .... (31) 

z-z 0 

Prom this it is easy to calculate the field and charge 
distribution. 

§ 88. Conformal representation 

The method of complex variable can sometimes be used 
very effectively in transforming one problem into another, 
which can then be solved. To do this we consider the 
transformation 

£=/(*), .... (32) 

which transforms a point z — x-\-iy in the z-plane into a 
point £ = £+it] in the £-plane.* We describe this as 
“ mapping ” the z-plane on to the {-plane. Sinoe = /'(z) dz, 
it follows that 

|d£| = |/'(z)| \dz\, arg d£ = arg/'(z)+arg dz. 

* See e.g. Phillips, Complex Variable, Chapter 11, 
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Thus in the immediate neighbourhood of z = z 0 , where 
£ = £ 0 = /(z 0 ), all distances in the £-plane are |/'(z 0 )| times 
as large as the corresponding distances in the z-plane, and 
small arcs are turned through an angle arg /'(z 0 ). Any 
small element of area in the z-plane becomes an element of 
area in the £-plane having the same shape as before but 
whose dimensions are each |/'(z 0 ) | as great, and which is 
turned through an angle arg f'(z 0 ). For this reason the 
process is described as conformal representation. 

The importance of the transformation £ = f(z) is that if 
we have any function <£(x, y) which in terms of £ and r) may 
be written 0{ij,rj) then 


** , ** = W**. 

d £ 2 drj 2 \dx*^dy 2 }’ 


• (33) 


where M> which is called the modulus of the transformation, 
is defined by 


M = 1 


1 di 


dz 

1 dz 


di 


(34) 


Thus if ^ is a potential function in xy space, so that VV == 
d 2 0 d 2 0 

then - 7 ^ + = 0, so that 0 is a potential function in {jrj 

space. In other words, potential functions transform into 
potential functions. Also, any curve or boundary along 
which <)> is constant becomes a new curve or boundary along 
which 0 is constant. 

This type of transformation is particularly useful because, 
if there is a line charge e at a point z 0 , then in the transformed 
problem there is an equal line charge e at the related point 
£ 0 where £ 0 =/(z 0 ). For in the neighbourhood of z 0 and £ 0 , 

&(£,y) = y)= - 2 c log 

= —2e log 

= — 2 e log 


|z—z 0 | +terms finite at z = z 0 , 
dz . 


di 


(i-W 


-fterms finite at 


$o|+tenns finite at £ = ( Q . 
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This result indicates that the potential corresponds to a line 
charge e in the {-plane at the transformed point { 0 . 

We can combine together the results of this paragraph by 
saying that the potential function for given boundaries and 
charges in the z-plane is precisely equivalent to the potential 
function for the transformed boundaries and charges in the 
{-plane. If we can solve this latter problem, then by 
transforming back to the z-plane we are able to solve the 
original problem. The only difficulties that may arise are 
connected with the zeros of M and l/M. If points z 0 occur 
in the region of interest for which M = 0 or M = infinity, 
it will be necessary to investigate more closely the nature of 
the transformation near these points. It is often possible to 
avoid such singularities and we shall not discuss them further. 

In more complicated problems it is sometimes an advantage 
to apply two or more conformal transformations successively. 
In this way we can simplify the problem stage by stage until 
it can finally be solved. 

§ 89. Two worked examples 

We conclude this chapter with two worked examples. 
Consider first (Fig. 60a) the problem of a line charge e at 
a point P where z = z 0 , placed parallel to two infinite planes 



(a) 2 -plane (b) (-plane 

Fig. 60 


OX, OR. The planes, which are kept at zero potential, make 
an angle 7 r/n with each other. Our analysis applies equally 
well for all values of n, so that it completes the discussion of 
this problem that could be given by the method of images, 
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as in § 85, where it was necessary to suppose that n was an 
integer. 

Take 0 as origin and apply the transformation £ = z n , 
using dashes to denote the transformed points. This trans¬ 
formation maps the space between OX and OB into the 
whole space above the axis R'O'X' in the £-plane (Fig. 60ft). 
The line charge e at P transforms to an equal line charge at 
P* given by £ 0 = z 0 n . The new problem is therefore that 
of a line charge e placed above an infinite plane at zero 
potential. This has already been solved in (5) by the method 
of images, and 

&(£>y) = -2elog |£—£ 0 |+2e log |£-£ 0 |. 

Putting this back in terms of the z-plane, we see that the 
potential required for our original problem is 

(f>(x, y) = —2c log |z n —z 0 "|+2e log |z”-z 0 fl |. 

In terms of the ^-function (§ 87), 

w = - 2el °g|zrl • • • < 36 > 

z z 0 

Our second example is the current distribution in a thin 
sheet (see Fig. 61a) of infinite length bounded by the lines 

77 

AB, CD for which y = ± when a current I per unit 

thickness of sheet enters at P(x = a, y = 0) and leaves at 
Q[x — —a, y = 0). In the z-plane we have to find a potential 
function cf> such that 

0->infinity like —2/ log |z— a\ at z = a, 

<£->infinity like —21 log jz+aj at z = ~a, 

^ = 0, on y = ±| for all x. 

The transformation £ = e* is suited to this problem: for it 
gives 

£ = e® cos y, Tj — e* sin y, . . ( 36 ) 
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and the student will be able to verify that in passing from 
the 2 -plane to the £-plane (Fig. 616) 

(i) the line AB becomes A'B in which £ = 0, — oo<?j<0, 

(ii) the line CD becomes C"jD', in which £ = 0, 0 ‘+ oo, 

(iii) P and Q become P' and Q f where £ P > = c°, fa — e~°, 

(iv) the region between AB and CD becomes the half-plane 

f>0. 



(a) 2-plane (b) f-plane 

Fig. 61 


Thus the corresponding problem that we must solve in the 
£-plane is that of a current I entering at P' and leaving at 
Q', with 30/dn — 0 on the contour B'D' where f = 0. We 
solve this by the method of images. The potential function 
in the relevant part of the £-plane is the same as that due 
to -\~I at P', — I at Q\ together with image sources of current 
+1 at £ = —e°, and — I at £ = —er* ; these last two points 
are the mirror images of P' and Q' in the line £ = 0. So 
the potential function (see (21)) is 

w = — 2 ~ { log (£■""*“)+l°g (£+«“)—log (£-«-“) — log (£+e-)} 



In terms of the 2 -plane co-ordinates, the solution of our 
original problem is given by 



In this way the flow of ourrent is completely determined. 
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Since in the neighbourhood of the two points z = ±a, the 
equipotentials are small circles, this potential function also 
solves the problem when the electrodes at P and Q are small 
circles instead of mathematical points. 

§ 90. Examples 

1. Show that the result of the uniqueness theorem in § 83 is 
unaffected by any sudden discontinuities in the dielectric 
constant. 

2. A given series of electrodes are maintained at given 
potentials. Prove that the potential function is unique. 

3. Show that the analysis of § 83 applies equally well with 
regard to the magnetostatic potential arising from a given set 
of permanent magnets. 

4. S is a closed equipotential surface completely surrounding 
a system of charges whose algebraic sum is Q. The potential 
of S is F. Show that if the surface S is regarded as one plate 
of a condenser, of which infinity is the other, the capacity is 
Q/V. If S x and S 2 are two such surfaces at potentials V x and V 2 , 
show that the capacity of the condenser formed by S t and S 2 
is QKVi-VJ. 

5. The space between two equipotential surfaces <j> x and <f> 2 
which completely surround a system of electrostatic charges in 
vacuum is filled with a medium of constant dielectric constant K. 
Show that at all points inside this dielectric shell the potential 
is increased by (K — l)(^i — ^ 2 )- 

6. Show that if the angle XOY in Fig. 56 is made equal to 
it jn, where n is an integer, the number of charges in the image 
system of a charge at A inside XOY, is 2n. Show also that 
unless n is an integer the method of images breaks down. 

7. A line charge e is placed at a distance a from an infinite 
conducting plane at zero potential. Show that at a point P on 
the plane the density of induced charge is —ea/nr 2 , where r is 
the shortest distance from P to the line charge. 

8. Two equal charges e are placed a distance a apart, and 
each of them is a/2 from an infinite conducting plane at zero 
potential. Prove that the force between the charges is 3e*/2a 2 . 
If the sign of one of the charges is reversed, why is the force not 
simply reversed also ? 
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9. The charge % at A in Fig 57 is taken further away from 

the conducting sphere and simultaneously increased in size in 
such a way that as /-> oo, Deduce that if an uncharged 

conducting sphere of radius a is placed in a uniform field E 0 , the 
image of the field is a doublet at the centre of magnitude E Q a*. 
This is the result of § 75. 

10. A point charge e is placed inside a spherical cavity of 
radius a cut out of a conducting block of metal at zero potential. 
If the distance of the charge from the centre of the cavity is /, 
show that the force on it is e 2 a//(o a —Z 2 ) 2 . 

11. An electric dipole of moment w is at a distance / from 
the centre of a conducting sphere of radius a kept at zero 
potential. The dipole points away from the sphere. Prove that 
the image is a dipole of moment wo 8 // 3 and a charge wo// 8 at the 
inverse point. 

12. An electric dipole of moment w is held at a distance o 
from an infinite conducting plane at zero potential. Show that 
the image is an equal dipole. If the original dipole makes an 
angle 6 with the normal to the plane, show that the mutual 

w 2 

potential energy is — (l+cos a 0). Deduce that if it is free to 

oO* 

turn about its centre, it will take up a position parallel to the 
plane, and the period of small oscillations about this direction 
is ±iry/(a*A*)lm, where A is the moment of inertia. 

13. Combine the formulae of §§ 85, 86 to solve the following 
problem. An infinite conducting plane with a hemispherical 
boss of radius a is kept at zero potential, and a charge e is placed 
on the axis of symmetry, a distance / from the plate. Show 
that the image consists of three charges, and that the original 
charge is attracted towards the plate with a force 

4e 2 / 8 a 8 e 2 

(/‘-a 4 ) 1 + 4?* 

Show further, by the methods of § 11 that the lines of force 
which reach the plate at its junction with the hemisphere leave 

f 2(/ a —a 2 ) 1 

the charge e at an angle cos -1 !! ~ with the axis of 

symmetry. 

14. The whole of space for which a?>0 is filled with a dielectric 
of uniform dielectric constant K , and the rest is vacuum. P 
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is the point (—a, 0, 0) and P' is the point (a, 0,0). A charge e 
is placed at P. Show that in the vacuum the potential is the 
same as that due to a charge e at P and e' at P', and in the 
dielectric it is the same as that due to a charge e* at P, where 


, K -1 

e — - e 

K +1 


K+l 


e. 


Use the fact that the pull on the dielectric is equal and opposite 
to the pull on the charge e to show that the dielectric is attracted 


towards the charge with a force 


K—l e 2 
K + 14a 2 * 


Explain this in 


terms of tensions in the tubes of force. 

15. Show that the result in question (14) may be used to 
determine the image system when a small permanent magnet is 
held some distance away from an infinite block of material of 
permeability p. 

16. Show how to find the image system for a line charge 
parallel (i) to an infinite dielectric medium, and (ii) to an un¬ 
charged conducting cylinder at zero potential. By removing 
the line charge to infinity in (ii) show how to find the potential 
for a conducting cylinder in a uniform field perpendicular to its 
axis. 


17. A current i flows in a straight wire parallel to a circular 
cylinder of permeability p, Show that inside the cylinder the 
magnetic induction is 2p/(p + 1) times as big as it would be if 
the cylinder were removed, and is everywhere in the same 
direction. Deduce that if the cylinder is placed in any given 
two-dimensional field, the induction inside it is unaffected in 
direction, but is multiplied by a factor 2p/(p+ 1) in magnitude. 

18. A uniform current i flows in a straight wire parallel to a 
semi-infinite block of material of permeability p. Show that 
the potential is given by an image system similar to that in 
question (14). 

19. A telegraph wire is of radius a and its height above the 
earth is h. Prove by means of (5) that the capacity per unit 
length is {2 log 2h/a} 

20. A charge e is placed a distance / from the centre of a 
conducting sphere of radius a. Show that the least positive 
charge which must be given to the sphere so that the surface 
density is everywhere positive, is ea(/*f a)/(/—«)*, 
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21. A and B are the points z === ±a. Show that the function 

2 —a 

w = log —- gives equipotential surfaces rJr 2 — constant, where 
z-f~a 

r x and r 2 are distances from A and B, Deduce that the capacity 
C per unit length between two parallel cylinders of radius R a 
distance 2D apart, is given by 

1 1C » 4 log ({D+' S /(D*-R*)}/R) » 4 cosh^D/i?). 


22. A line charge e is at a distance h from an infinite conducting 
plane at zero potential. Show that one* half of the charge induced 
on the plane lies within \/2h from the line charge. 

23. Show that the capacity per unit thickness of a two- 
dimensional condenser in which the plates are at potentials 
F x and V 2 is [j/»]/4tt( V l — V 2 ) where [0] denotes fhe increment 
in if/ in going once completely round one of the plates. 

24. Show that w = —E 0 (z — gives the potential distribu¬ 


tion for a conducting cylinder of radius a at zero potential in a 
uniform field E 0 . (Cf. Chapter IX, question 2.) Interpret the 
expression for w in terms of images. 

25. Show that w = iAz n (n not necessarily integral) gives the 
potential distribution for two intersecting planes OX, OR making 
an angle 7r/n, if both are at zero potential. Prove that with this 
potential function, <f> = —Ar n sin n6. Find the equations of the 
lines of force, and deduce from (14) that the charge density at 
any point on the planes is nAr"- 1 /47r. Draw diagrams for n == 2 
and n — f, and notice the bunching of tubes of force near the 
tip in the one case, and the absence in the other. This bunching 
explains why a lightning conductor is given a pointed tip. 

20. ABGD is the region bounded on two sides AB, CD by 
the parabolas y * = 46(6— x), y % = 4 c(c—x), and on the other 
two sides AD , BC by the x axis and the parabola y* — 4a(a?-f a). 
Show that the transformation £ = z* maps ABCD on to a 
rectangle in the {-plane. Hence prove that if AB and CD are 
taken as electrodes, and if the strip is of uniform thickness t, its 
resistance is (61— cl)/ata*. 

27. Show that the total current leaving an electrode per unit 
thickness of material is or[^], where [0] denotes the change in ^ 
on going round the boundary of the electrode in an anti-clockwise 
direction. 
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28. A thin strip of metal of thickness t lies in the xy plane, 

and is bounded by the lines y = ± -. JSqual currents I enter and 

2 

leave by small circular electrodes of radius 8 at the points 
(±a> 0). Show that the potential function w is 


w 



constant. 


Deduce that the resistance is-log (8 cosech 2o). 

irut 

29. Show that if n is an integer, (35) may be interpreted as 
showing that if two planes at zero potential intersect at an angle 
t r/n, the image system of a line charge e between them consists 
of n —1 line charges -f-e, and n line charges —e. 

30. If the strip in Fig. 61a is of width 2 b, show that the 
transformation (36) needs to be replaced by £ = e 71 */ 26 , and that 

I / e 7Tzjb —eiralb \ 

w ~~ ~~ 27TO* 


31. A condenser is formed by taking OX, OR (Fig. 60a) as one 
plate, and a small circular cylinder with centre P and radius 8 as 
the other. Show that its capacity per unit length perpendicular to 

the xy plane is —1 12 log cosec na j, where z 0 == re ia . 


32. What happens if you use the transformation { = z 2n in 
§ 89, Fig. 60a, instead of £ = z n ? 

33. Show that in the transformation J = f{z) a line doublet 
of moment m at z 0 , making an angle a with the x axis, transforms 
into a line doublet of moment m|/'( 2 0 )| at f 0 = f(z 0 ), making 
an angle a+arg /'( 2 0 ) with the f axis. Deduce that if the 
original doublet lies between the two planes of Fig. 60a, which 
are kept at zero potential, 




e-M \ 


where 8 = a+(n—1) arg z,. 
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INDUCTION 

§ 91. Electromagnetic induction 

In 1832 Michael Faraday, and independently at about the 
same time, Henry, discovered that if a closed circuit moved 
across a magnetic field, a current flowed even though there 
were no batteries present. The same effect resulted from 
varying the magnetic field and keeping the loop of wire still. 
In either case the current lasted only so long as the circuit was 
moving, or the field changing. It made no difference whether 
the magnetic field was caused by a permanent magnet or an 
electrical circuit. To this phenomenon Faraday gave the 
name electromagnetic induction. In a series of brilliant 
experiments he showed that the induced current flowed 
whenever the number of tubes of induction N through the 
circuit was altered, and that the magnitude of the effect 
depended only on the rate of change of N. It was natural 
that Faraday, having abandoned the idea of action-at-a- 
distance, should regard this effect as transmitted by means 
of the tubes of magnetic induction B. 

We may summarise the experiments by two laws :— 

(a) if the number N of tubes of induction threading a 
circuit is changed in any way, there is an electromotive force 
(e.m.f.) of magnitude dNjdt created in the circuit; 

(b) this e.m.f. acts in such a way as to oppose the change 
in N. That is, it acts to cause currents in the coil whose 
magnetic effect would counteract the external change. 

The first of these is known as Neumann’s law; the 
second as Lens’s law. Provided that the e.m.f. and N 
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are both in e.m.u. or both in e.s.u., we can combine them in 
the one law 


e.m.f. = 


dN 

dt 


(i) 


Lenz’s law is merely a particular case of a very general 
physical principle, known as Le Chatelier’s Principle, 
which states that a physical system always reacts to oppose 
any change that is imposed from outside. In this case the 
change is an alteration in N ; the reaction is an induced 
e.m.f., or back e.m.f., which should oppose the change of N. 


§ 92. Proof of induction law for a stationary circuit 

Faraday obtained his results by experiment. But we can 
prove (1) by using laws with which we are already familiar. 
Thus let us first consider a single stationary isolated circuit 
with a battery of e.m.f. £ carrying current i, with a resistance 
R and self-induction L. Then according to (38) of § 64 there 
is an amount of magnetic energy \Li 2 stored in the medium. 
This means that if we increase the flux through the circuit 
by changing i we have also to increase the magnetic energy, 
and hence that more work has to be done by the batteries. 
In more precise language the battery provides energy at a 
rate £i ; Joule heat loss wastes energy at a rate Ri 2 ; and 

we increase the energy in the medium at a rate — (\Li 2 ), 

at 

Thus by the conservation of energy. 

Si = Ri 2 + t. (*£»*) 

at 

So £=Ri+L^. 

at 

During any period when the current is not changing 

£ = Ri. 


(2) 
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If we write (2) in the form 

E-Lj t =Bi .(3) 

we can interpret it by saying that the change in current 

di 

gives an effective back e.m.f. of magnitude L —, and Ohm’s 

dt 

law is still obeyed provided that we regard the effective 
e.m.f. in the circuit as the sum of the battery e.m.f. £ and the 

di 

induced back e.m.f. —L~. Since the flux of B across the 


circuit is N = Li , the back e.m.f. may be written —— 9 

dt 

as in (1). 

If this back e.m.f. is solely due to the change in N, it cannot 
make any difference how this change is brought about. Thus, 
if we move a permanent magnet in the neighbourhood of the 
coil there will be an additional change in N, and this will 
make its appropriate contribution to the induced e.m.f. 
This explains why Faraday was able to obtain a flow of current 
in the original coil when a permanent magnet was dropped 
through it. But we could also induce an e.m.f. in the original 
coil by varying the current in some nearby coil, making use 
of the fact (§ 60) that when current i 2 flows in the second coil 
a flux N = M 12 i 2 crosses the first coil; in fact, an analysis 
exactly similar to that leading to (3) shows that if i 2 varies, 

dN „ dh m 


the back e.m.f. in the first coil is 
shall return to this again in § 96. 


= -Jf, 


§ 93. Proof of induction law for a moving circuit 

A simple consideration of the conservation of energy shows 
that since magnetic effects are transmitted by the tubes of 
force, it cannot make any difference whether we move the 
lines of B across the circuit, or move the circuit across the 
lines of B. The theorem must therefore hold for a moving 
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circuit as well as a stationary one. However, it is instructive 
to give an independent proof for the case of a moving circuit, 
when the field in which it moves does not vary with the time. 
Consider, therefore, an element PQ (Fig. 62) represented by 
ds, which has velocity v r In time dt 
it will move a distance v x dt to P'Q '. 
Suppose also that the velocity of the 
electrons relative to the wire is v 2 . If 
no current is flowing v 2 = 0, but when 
current does flow the actual velocity of 
the electrons relative to the field is 
v = v x +v 2 . Thus, from (30) in § 62, 
the magnetic field exerts on each 

<’(v 1 +v 2 )XB. 

The component of this along PQ is eKvj-fv^xBJ.t, where 
t is a unit vector in the direction PQ. Now t and v a are 
parallel vectors, so that (v 2 xB).t = 0, and the component 
force along PQ is the triple product e[v v B, t].* This means 
that in addition to any forces due to possible batteries, there 
is an extra electric field induced in the wire, whose component 
along the wire is [v v B, t]. The corresponding difference of 
potential between P and Q is 

T t p-V q -= [Vp B, tj dx. 

Now r t ds = ds, so that 

Vf-Vy = L v i. B . dsj. 

We have therefore shown that if a small piece of wire is moved 
in a magnetic field, there is a difference of potential between 
its ends. We can reduce this to the fundamental law of 
induction by putting 

K> B, ds] = -[Vj, ds, B] = — i (VjcftxdsJ.B 
♦ Kufcherford, Vector Methods , 1946, p. 8. 
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Now v x dt x ds is the vector area PP'Q'Q , so that 
(v ,dt X ds). B represents the flux of B across this area. Thus 


V P -V Q = 


dN 
dt ’ 


(4) 


where dN is the number of tubes of B crossing into PP'Q'Q. 
Thus the induced e.m.f. in a small element PQ is equal to 
minus the rate at which PQ cuts across the tubes of B. By 
adding together the induced e.m.f. for eaoh element of the 
circuit, it follows that the total induced e.m.f. in a closed 


dN 

circuit is ——, where N now stands for the number of tubes 
dt 


of induction threading the circuit. 

The above proof is interesting since it shows just how the 
induced e.m.f. is distributed over the circuit. It is not 
concentrated like a battery, but each moving element of the 
circuit contributes according to (4). 

The nature of the proof also shows that it is quite irrelevant 
by what means N is changed. This may be done by moving 
a permanent magnet, or changing the current in some other 
nearby coil, or moving the original circuit, or by combining all 
three. In each case if E is the field at any point of the wire, 
and £ battery * s the e.m.f. of any batteries that may be present, 
then the effective e.m.f. in the circuit is 


J E .<U 


8 


dN 

batfcry d( 


(5) 


§ 94. A simple dynamo 

This simple law of induction is the basis on which all 
dynamos, or machines for creating an e.m.f., are based. 
Consider, for example, an almost closed circular loop of wire 
PQ of area A (Fig. 63) which can rotate in air about an axis 
XY : and let us suppose that there is a constant magnetic 
field H perpendicular to the plane of the paper. Then when 
the normal to the loop makes an angle 6 with the field, the 
flux N =. AH cos 0, so that the e.m.f. induced between 
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P and Q when the coil is rotating with angular velocity p 9 is 


dN 


d 




AH p sill 6 


( 6 ) 



Fig. 63 


If P and Q were joined together, completing the circuit, this 
e.m.f. would cause a current to flow round the wire. But 
if by some device such as brushes, or sliding 
contacts on the axle 17, we connect PQ to 
the terminals of an outside circuit, this e.m.f. 
may be used to create a current in that 
circuit. On account of the sin 0 term in (6) 
the e.m.f. is alternating, with frequency p/2n. 
A direct e.m.f. may be obtained by a com¬ 
mutator which interchanges the roles of P 
and Q in the outside circuit at every half¬ 
revolution. The e.m.f. thus obtained still 
fluctuates between 0 and AHp, and commercial dynamos 
therefore have a large number of similar coils, each slightly 
displaced relative to its neighbours, so that their phases are 
staggered. In this way the fluctuations are smoothed out, 
and the resulting combination may be made almost steady. 

If the air within the coil is replaced by a medium of perme¬ 
ability /a, the flux of B is increased by a factor p so that the 
e.m.f. is 

£ = pAHp sin 0 . . (7) 

To obtain this effect the coils PQ are wound on an armature 
or core of soft iron. The field H may be obtained from a 
permanent magnet, but more frequently it is caused by an 
electromagnet, the coils of which are known as field coils, 
since they provide the field in which the armature rotates. 


§ 95. Induction in a single circuit 

Let us apply the law of induction (1) to a single circuit. 
Consider, for example, the circuit shown in Fig. 64, in which 
the resistance is B, the self-mduction is L and the e.m.f. 
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of the battery is £. According to (5), when the current is i, 

cli 

the effective forward e.m.f. is £so that Ohm’s law 

at 

gives the differential equation for i :— 



Fig. 64 Fig. 65 Fig. 66 


£- L t = * ■ • • <“> 

If we suppose that at t = 0 the circuit is closed by a switch 
so that at this instant i = 0 also, the solution of (8) is 

*’ = |( l-e-W) . . . . ( 9 ) 

Thus the current builds up to its maximum value £/R 
according to the graph shown in Fig. 65. If we write r = L/R, 
W = S/B, then 

i = W(l-e-" T ) .... (10) 


r is called the time constant of the circuit. 

Another important circuit is shown in Fig. 66. This is 
similar to that of Fig. 64 except for the addition of a condenser 
of capacity C . At time t, let i be the current and let ±,Q 
be the charges on the plates of the condenser. The drop in 
potential across the condenser is Q/C. Hence the net forward 
e.m.f. is now 



9 . 

C' 


So the differential equation for the current is 


e-L 


di 

a 



. ( 11 ) 




200 


ELECTRICITY 


L 9 R and C are constants ; but Q changes on account of the 
current. In fact, since the current is measured by the rate of 
flow of charge along the wire, 

** • . . . ( 12 ) 


dt 


= i 


Combining (11) and (12) we get 


,• dH _ di i _ d£ 

dt* + dt + c~~di' 


. ( 13 ) 


Two special cases of (13) are worth discussing in more 
detail:— 

(a) Free oscillations .—In the first we put £ — 0, so that 
we are concerned only with the free oscillations of charge 
within the circuit. Equation (13) becomes 


_ dH _ di i 

L dt* +R dt + c =0 ’ • 


• (14) 


and provided that R*<4LjC the solution is 

i = Ae~ mi2L cos (nt+e) . . . (15) 


A and € are arbitrary constants depending only on the initial 
conditions, and 

i n- 

(16) 


n* — - 

LC 


4 L 2 ' 


Thus there are oscillations of period %n/n, but the amplitude 
decays exponentially with the time according to the law 
Ae~ m ^ L . If we can neglect the last term in (16), i.e. if the 
resistance is small, we obtain Thomson's formula for the 
period T of free oscillations, 

T == 2iry/ (LG) . . . (17) 

(6) Forced oscillations .—In our second case we suppose 
that £ = £ 0 cos pt. Thus the applied e.m.f. is an alternating 
one of frequency p/27r. (13) becomes 

_ dH T1 di i ^ , 

L dF* + R dt + c~-'- p£o * ini>t ■ 


• ( 18 ) 
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The solution of (18) involves the sum of two parts—the 
Complementary Function and Particular Integral.* The 
Complementary Function is simply (15) and represents free 
oscillations, or transients, that die away with the time. 
But the Particular Integral, which alone is important for 
sufficiently large t, is 

i — £ 0 /Z cos (pt-B), 

where 

-( 19 ) 

This alternating current has the same frequency as the 
applied e.m.f. £ 0 sin pt, and its amplitude £JZ is independent 
of the time. It is, however, out of phase with the e.m.f. 
We call this a forced oscillation. If all the other quantities 
remain constant, the amplitude of the forced oscillations has 
its greatest value when 

p 2 = l/LC .... (20) 

This is known as the resonance frequency of the circuit. 
We make use of this frequency when tuning the aerial 
circuit of a wireless receiver. 

§ 96. Two circuits—the transformer 

Suppose that we have two coils with self-inductances 
L v L 2 and mutual inductance M, 
which form parts of two circuits 
as in Fig. 67. On account of the 
mutual induction we describe these 
circuits as inductively coupled. 

Let i v i 2 be the currents in the 
two circuits. Then the flux of B 
through the first coil is L l i l +Mi 2 . When i x and i 2 change 



Fio. 67 


* See e.g. Ince, Differential Equations, Chapter V. 
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this gives rise to a back e.m.f. L x + M Consequently 

at at 

the net forward e.m.f. in this circuit is 
c r dii Tir^h 

Sl - L lTt -M-, 


and Ohm’s law now gives the differential equation 

$-**%-*%-** ■ 


( 21 ) 


Similarly from the other circuit 

c t 
C 2 "“^2 ~ 


dt 


u dt ***** 


( 22 ) 


Corresponding equations are soon written down in a similar 
way for any number of linked circuits. They are easily 
solved if £ v £ a . . . are known and the initial conditions 
are stated. 

There is one particular case of (21) and (22) which is of 
especial interest. Let us suppose that £ x is an alternating 
e.m.f., and both £ 2 and B x are zero. This means that the 
current in the second circuit is solely due to the e.m.f. in 
the first. We shall see that so far as the second circuit is 
concerned, the effect of the mutual inductance is to provide 
an e.m.f. of a different numerical value from the original e.m.f. 
in the first circuit. 

In practice the two coils L x and L 2 may be supposed to 
consist of n x and n 2 turns of wire respectively wound close 
together on the same iron core, and are such that when 
unit current flows in any one of these turns a flux of B equal 
to B 0 crosses this particular turn of wire. If the coils are 
wound closely, this flux will cross all the other turns in 
both coils. Thus unit current in the coil L x produces a total 
flux n x B 0 , and this flux threads each of the n x turns of the 
first coil, and each of the n % turns of the second* Hence, 
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from the definitions of L and M (see § 55, question (14), for 
further discussion of this result) 

L x = VjB 0 , M = n x nj & 0 , L 2 = n 2 2 B 0 . (23) 

It follows that 

L x L 2 = M* .(24) 

This relation, sometimes called the transformer condition, 
will not be quite completely satisfied in practice on account 
of leakage of lines of B ; but if we assume that it is satisfied 
and put £ 2 = R x — 0, we can eliminate i x from (21) and (22) 
and obtain 

£ x L 2 = -MR 2 i 2 . . . (25) 

Using (23) this becomes 

^2 ? 2 == ~ ~ £i • • • (28) 

n l 

This shows that the potential R 2 i 2 across the ends of the 
second coil is in a constant ratio n 2 \n x to the e.m.f. in the first 
coil. In this way, by varying n x ln 2i we are able to step up or 
down a given alternating e.m.f. For this reason an apparatus 
of this kind is called a transformer. 

§ 97. Generalised law of induction 

We conclude this chapter with a remarkable generalisation 
of the law of induction, due to Maxwell. If we consider a 
stationary circuit in which there are no batteries, (5) becomes 

f ^ dN 

J E - d * = -lr • • ■ < 27 > 

This equation applies, so far, only for integration round the 
closed wire circuit, E and ds both being directed along the 
wire. But the tangential component of E is continuous at the 
surface of the wire where the medium changes, and so (27) 
must also hold for a circuit lying just near to the wire. Indeed, 
we may expect it to hold along any closed curve, since the 
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fact that it holds for at least one curve not coincident with 
the wire shows that the electrical forces (represented by E) 
which are brought into existence by a change of magnetic 
flux cannot depend on whether there is an actual flow of 
current. The flow of current is here an “ effect ” and not a 
" cause ”; and the induced or back e.m.f. is independent 
of whether a current does, or even can, flow. So let us assume 
the truth of (27) for any closed curve whatever. To some 
extent this is a hypothesis, but we have shown how reasonable 
it is, and it has been abundantly justified by the results 
which it predicts. 

We may write N -- j' B.dS, where the integration is 


over any surface that spans the curve along which E is 
integrated. Thus 


J 


E.ds 



1 B.dS - - 

|7®ds) 

J 



But by Stokes’ theorem 




curl E. dS, 


and so for am surface M spanning an arbitrary contour : 


/■ 


curl E. dS 
This is only possible if 


/(?-)■ 


lri dB 
curl E = — — 
ct 


• (28) 


This is an extremely important formula, and may be called 
the generalised or differential form of the law of induction. 
Our former expression (5) is merely a particular case of (28) 
when the current distribution is along a thin wire and we 
choose this wire as the boundary curve for integrating (28). 
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All quantities above are supposed measured in e.m.u. 
But if, as is usual, we measure E in e.s.u. and B in e.m.u., 
it becomes 


curl E = — 


IBB 

c dt 


. (29) 


We can go one stage further by introducing the magnetic 
vector potential A. Let us, as in § 58 (v), put B = curl A. 
Then 


curl 


„ . ISA] „ 
e + c¥J =0 ' 


The expression in brackets must be the gradient of some 
scalar quantity. Let us call this —grad <f>. Then 

1 d A 

E = — -——grad <f> . . . (30) 

c ot 

dA 

If there is no change of magnetic field — = 0, so that 

ot 

E = —grad (/>. This identifies $ in (30) with the usual 
electrostatic potential V which we have discussed in 
Chapters II-IV. However, we shall now choose <f> rather 
than V to denote this electric potential. This is partly for 
the sake of convention, but also to avoid confusion, for in 
Chapter XIII the symbol V will be needed to designate the 
velocity of electromagnetic waves in dielectric media. 

There is one important deduction from (30). If a block of 
conducting metal is in the presence of a changing magnetic 
field, this shows that there is an electric field E induced in the 
body of the metal. Now j = oE, so that there will be an 
induced current distribution. These are called eddy currents. 
In most cases (e.g. the core of a transformer or an electric 
motor) the eddy currents represent an unnecessary waste of 
energy, so the metal is usually laminated, with a thin film of 
insulation between the various layers. This serves to inhibit 
the undesirable eddy currents, though it does not completely 
remove them. 
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§ 98. Examples 

1. A finite length of wire PQ is moved with constant velocity 
across a uniform magnetic field. Explain how you reconcile 
the existence of an e.m.f. — dN/dt (equation 1) between P and Q 
with the fact that there is no complete circuit in which a current 
can flow. 

2. A train is moving with velocity v. Show that if the two 
rails are insulated from the ground, there is a difference of 
potential between them equal to vlH, where l is the distance 
between the rails and H is the perpendicular component of the 
earth’s magnetism. 

3. A coil of area A, resistance R and induction L is rotated 
with constant angular velocity p about a vertical axis in the 
earth’s magnetic field, whose horizontal component is H . Show 
that the current i satisfies the equation 

di 

L— 4 - Ri — AUp sin pi, 
at 

By calculating the average rate of loss of energy show that the 
mean couple required to rotate the coil is RA 2 H 2 p/2(R 2 +L 2 p 2 ). 

4. A magnet of moment m can slide along the axis of a 
circular coil of wire of radius a , resistance R and negligible self- 
induction. Show that when the magnet is at a distance x from 
the coil the flux of B across the coil is N = 2wma a /(a 2 +o; 2 ) 3 / 2 . 
Deduce that if the magnet is moved with constant velocity v 
the current in the coil is i = Q7tma 2 xv/R{a 2 -fa: 2 ) 5 / 2 . 

5. A small search-coil consists of n turns of wire each of 
area A , and the two ends are connected to a galvanometer, the 
total resistance being R . The coil is placed perpendicular to a 
field which it is desired to measure and is suddenly withdrawn* 
If the total charge that flows through the galvanometer is Q, 
show that the field is given by £ — QR/nA, This is the principle 
of the flux me ter by which we measure a field at any point. 

6. A condenser is charged by means of a constant e.m.f. £ the 
connecting wires having a resistance R. At t = 0 the e.m.f. 
is switched on. Show that at time t the charge on the condenser 

is Q « <7£(l-e-W*). 
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7. Verify that the time constant r in (10) is such that in 
time r the current has grown to about 0*63 of its maximum 
value. 

8. The two plates of a condenser C carry charges ±Q 0 , and 
at t =8 0 they are connected together through a coil of resistance 
B and inductance L. Show that the charge Q at any subsequent 

d*Q dQ Q 

time is given by L — + R — + - = 0. Solve this equation, 
dt z dt C 

given that R 8 <4JL/C. 

9. Investigate the solutions of (14) for the free oscillations 
of a circuit in the cases B 8 = IL/C and R 8 >4L/C» These are 
known as critically damped and over-damped circuits. 

10. In the inductively coupled circuits of Fig. 67, £, = 0 
and £ x = £ 0 cos pt. Show that there is a phase difference 
between i x and i 2 , and that as p-»oo this phase difference tends 

tO 7T. 

11. In the inductively coupled circuits of Fig. 67, £ t = 0 
and £ x — £ 0 cos pt. Show that the current i 2 is given by the 
equation 

(AL,-M‘) + ( L X R s +L t R,) ^ + R x R t i t = Mp £, sin pt. 

Deduce that if the condition (24), (L X L % = M 8 ) is satisfied, 
then the amplitude of the oscillations of i t is Mp£ 0 /S , where 

S 8 = R t 8 B 2 8 + p^+W- 

12. Show that in the forced oscillations of a single circuit 
(18) the current is out of phase with the e.m.f. Calculate the 
rate at which the e.m.f. £ 0 cos pt is working, and show that the 

mean value is cos 8, Z and 8 being given by (19). Verify 

that this is the same as the mean value of Ri 8 , so that con* 
servation of energy is not violated. Deduce that if B =* 0 there 
is no consumption of energy even though there may be a large 
current. Explain this. 

13. A small magnet m at the origin is rotating about its centre 
with an angular velocity p, the magnitude of m remaining constant. 

dm 

Show that —z — == p x m. Hence using the formula (6) in § 86 
dt 
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for A and (30) for E show that the motion of the magnet gives 
rise to cm electric field E, where 

E = {(r.m)p—(r.p)m}. 

N.B.—We know that moving charges (i.e. currents) give rise 
to a magnetic field. This is an example to show that moving 
magnets give rise to an electrostatic field. 

14. A small magnet m has a constant velocity v. Show that 
at the moment when the vector distance from the magnet to a 
point P is r the electrostatic field at P due to the magnet’s 
motion is 

_ sa X v ^ 3(v.r)(mxr) 
or 8 cr 5 

N.B.—This is only valid if v is much less than the velocity of 
light. 



CHAPTER XII 


ALTERNATING-CURRENT THEORY 
§ 99. Introduction 

We are concerned in this chapter with some of the more 
technical applications of the fundamental laws of induction 
established in Chapter XI. Now in § 95 (6) of that chapter 
we considered the circuit of Pig. 66 in which an alternating 
e.m.f. £ = £ 0 cos pt was applied to a circuit containing 
a resistance B, a capacity G and an inductance L in series. 
We first obtained the differential equation (18) for i ; then 
we saw that its solution involved two quite distinct parts. 
The one part (Complementary Function) represented oscilla¬ 
tions which soon died away on account of damping; their 
frequency was quite independent of the frequency of the 
applied e.m.f. £, and we described them as free oscillations 
of the circuit. But the other part (Particular Integral) 
represented oscillations with the same frequency as the 
applied e.m.f. and with constant amplitude ; we called these 
forced oscillations. When the circuit is first completed with 
a switch, both parts of the total current are effective, but 
in a short time the transients have decayed to a negligible 
amplitude and only the forced oscillations remain. The 
distinction between these two types of oscillations is important, 
for in every electrical circuit of this kind both types are found. 
In our present chapter we shall be concerned solely with the 
forced oscillations, so that all transient effects will be neglected, 
and all oscillating quantities may be assumed to have the 
same frequency p/2n t though there may be certain phase 
differences between them. In such problems as these it is 
possible to simplify the working very considerably. 
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§100. Impedance and reactance 

Let us first consider certain speoial cases of the general 
circuit shown in Fig. 68. In particular 
let us suppose that 

8 = £ 0 008 fiy • • (*) 



and that we connect, in turn, just one 
of the three quantities R 9 L and C to 
the e.m.f. £. This may be achieved by supposing that the 
other two quantities have zero magnitude. The reader 
will have no difficulty in verifying that in these three cases 
the full solutions for the forced oscillations (equation (19) 


of § 95) reduce to 



R alone : 

• So 

1 = — cos pt, . 

• (2) 

L alone : 

fc l<N 

1 

a. 

to 

«Tlt 

II 

* 9- 

. (3) 

C alone : 


• (4) 


We may describe the results (2)-(4) by saying that in this 
particular circuit 

(i) an inductance L behaves like an effective resistance 
pL, but the phase of the current lags 7 t /2 behind the voltage, 

(ii) a capacity C behaves like an effective resistance 1/pC, 
but the phase of the current is n/2 in advance of the voltage, 

(iii) a resistance R has no effect on the phase of the 
current. 

We shall find a similar situation if we take R f L and C 
in pairs. The appropriate solutions now reduce to 

8 

R and L together : i = ~ cos (pt— 8), where 

Z 

Z 2 = R a +p a L a , tan 8 = pL/R, , 


( 6 ) 
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R and C together : i = cos (^+8), where 

Z a = R*+l/(pC)\ tan 8 = 1 /pCR> . . (6) 

c 

L and (7 together : i = ~ cos (pt—Tr/2) where 

Z=pL-l/pC .... (7) 

We may describe the results (5)-(7) by saying that in each 
case there is an effective resistance Z, such that the maximum 
current is given by Ohm's law 

*max ^ EJB, .... (8) 

and that there are phase differences wliich, except in the last 
case, are neither 0 nor ±7t/2. Evidently the actual phase 
differences in (5) and (6) represent a compromise between the 
effect of the pure resistance R which tends to leave the 
original phase unchanged, and that of L which tends to 
retard it, or of C which tends to advance it. Both Z and 8 
may be found graphically by drawing a right-angled triangle 
in which R is measured in one direction, whereas L and C 
are measured in a perpendicular direction. Z is then the 
magnitude of the vector sum of two components, and the 
magnitudes of these components are R> pL and 1/pC. Fig. 69 


ft 




pi 


(a) R and L together (6) R and C together (c) L and C together 
Fia. 69 


shows the three diagrams obtained in this way. Note, 
however, that in Fig. 69c, Z is the sum of the two vectors 
pL and 1/pC. These are both perpendicular to the direction 
of R , but are opposed to one another. If pL>l/pC the 
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resultant points downward, but if pL<ljpC it points up. 
Let us call the direction of B the voltage line ; then if Z 
is above the voltage line the phase of the current is in advance 
of the e.m.f., and if Z lies below the voltage line the phase 
of the current is behind that of the e.m.f. In each case the 
magnitude of the phase difference is given by the angle 
between Z and the voltage line. 

We call Z the impedance of the circuit. Thus Z is the 
magnitude of the vector sum of the ohmic resistance B 
and the inductive reactance pL , or the capacitative 
reactance 1/pC, proper account being taken of the directions 
in which these two reactances must be measured. The 
quantity 1 \Z is sometimes called the admittance. 

Our argument has so far only been applied to the cases 
where either one or two of the three quantities are present. 
But it is equally valid when all three are present, as in Fig. 68. 
For, as Fig. 70 shows, the impedance Z of the circuit and the 
phase 8 of the current are given by 

with 

i = z° cos ^ <-S )’ *n>»\ ^ z°' ■ ■ 

The results expressed in equations (9) are precisely the 
same as in the solution (19) of § 95 
, y R > obtained by solving the appropriate 

p l- z \ differential equation. But the method 

t._..■ i we have just used is vastly easier to 

Fig. 70 handle than the original differential 

equation, and, as we shall see shortly, 
it may be applied in many other more complicated examples. 

Id. Mathematical justification 

The method developed above may be used in more general 
oases. In fact, it rests upon simple mathematical properties 
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of the Argand Diagram * and the complex numbers a+jb, 
where j denotes V—1. We use j rather than i for this 
quantity as i is already involved as the current. Instead of 
putting £ = £ 0 cos pt, we shall find it convenient to use 

£ = £<fi ivt .( 10 ) 

If we like we may interpret this as meaning that we are 
always to take the real part of all expressions involving 

e ipt . But it will be quite good enough to work right through 

all our problems with functions of the type (10), without 
distinguishing between real and imaginary parts ; then, when 
we have reached the end, we can take the real part.f This is 
a familiar device in Applied Mathematics. A similar type 
of expression to (10) will hold for the current; let us put 

i = i 0 e Jpt , .(11) 

but i 0 may not necessarily be purely real, as we shall see in 
a moment. Indeed, our primary object is to discover the 
modulus and argument of i 0 . The type of substitution 
represented in (10) and (11) is possible because we have 
decided to consider only the forced oscillations in which all 
fluctuating quantities have the same frequency p/27r. 

Let us consider first the circuit containing £ , L and R, 
all in series. Ohm’s law for this circuit gives (equation 
(8) of §95): 

£-Lj t = Ri . . . .( 12 ) 


Substituting the values of £ and i given by (10) and (11) 
we see that (12) is satisfied if £ 0 —Ljpi 0 = Ri 0 , that is, if 


5 = _A_ 

0 R+jpL' • 


• (13) 


* E.g. see Phillips, Complex Variable , Oliver and Boyd Ltd., 
Chapter I. 

t E.g. see Coulson, Waves, Chapters I and II. 
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Thus t 0 is a complex quantity. To separate real and 
imaginary parts let us put 

R+jpL = Ze# .... (14) 

It will be recognised at once that Z and 8 thus defined are 
in fact precisely the same as in (5), so that Z is the impedance 
and 8 is the phase lag of current behind c.m.f. Combining 
(11), (13) and (14) 

i = v** 

£0^-8) . . . (15) 

A 


Taking the real part of this equation we reproduce in detail 
the formulae in (5). The complex number which we introduced 
in (14) and which we have seen gives us both the impedance 
and the phase is often written Z, and is called the vector 
impedance. When drawn on the Argand diagram its 
modulus is the impedance Z and its argument is the phase 8. 
In fact 

Z = Zei* .... (16) 


Z may be regarded as composed of the ohmic resistance (or 
real part) R, and the inductive reactance (or complex part) 
jpL. The relation of all this to the Argand diagram is soon 
recognised in Fig. 69. 

The method just described is quite general in its 
application. Thus, suppose that we have the circuit of 
Fig. 68 containing L , R and C all in series, the fundamental 
equations arc (11) and (12) of § 95 : 




. (17) 


To solve these, we put 

£ = £& ipi > * - > Q = Qtfi ipt 


. ( 18 ) 
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Then with a little reduction 

*o = jpQo> • ... (19) 

j-B + jpL + jpC = 

( 21 ) 


( 22 ) 

It is easily recognised that these equations lead to precisely 
the same results as in (9), which is known to be the correct 
solution. 

We could, however, apply the same analysis to any other 
circuit, or part of a circuit. For as we saw in Chapter V the 
current distribution in electrical networks is governed by 
Kirchhoff’s laws ; these state that no current piles up at any 
junction of wires, and that the potential drop round any 
closed contour is zero, making allowance for batteries that 
may be present. With alternating currents of frequency 
all these conditions will resemble those of (17), with 
perhaps more terms according to the complexity of the 
contour, and continuity equations for the current. Now all 
currents and charges will vary with the time according to 
the law e ipt , so that we may always replace quantities such as 
di Q 1 

Lrr by jpLi , and - by 7 - 7 ; Thus each inductance may be 
dt C jpC 

treated as a complex resistance jpL and each oondenser as a 

complex resistance ; after this we may proceed to solve 

the equations for the currents by using Ohm's law, just as in 
(22). The final current, or currents, will be given by complex 
expressions, whose moduli are the maximum values and whose 
arguments determine the phases, 
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We have just seen that a resistance R and an inductance 
L in series may be regarded as a single vector impedance Z, 
where Z = R+jpL. In a similar way we may treat other 
combinations, so that a complete network may be broken up 
into a set of impedances z 1( z 8 . . . . This is often easier than 
treating each part separately, for it is easy to show that 
impedances in series are compounded together according to 
the law 

Z = Zj+Z 2 +.(23) 


but if they are in parallel 


1 

Z 


1 1 

zi+z^* ‘ 


(24) 


It is important to remember that (23) and (24) require us to 
use the vector impedance Z and not its magnitude Z. We 
leave the proofs of (23) and (24) as an exercise for the student; 
examples of their use are given below. 


§ 102. Bridge circuits 

By replacing the resistances of a Wheatstone's bridge 
(§ 41) by condensers or inductances, or both, we are able to 
obtain various modifications, some 
of which are important as they 
allow us to compare inductances 
and capacities and resistances. 

Thus, consider first the De Sauty 
bridge shown in Fig. 71. AB and 
AD are inductances L x and L v 
but BC and CD are resistances B x 
and R 2 . The alternating supply 
£ = £ 0 e jpt is applied between A 
and C , and the resistance R % is 
adjusted so that no current flows 
across BD ; this is determined by 
a pair of headphones, shown in the diagram, 
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We may treat this circuit just like the Wheatstone’s bridge 
in § 41, taking the four “ resistances ” as jpL v jpL %i R x and R z . 
The condition for balance now becomes 


jg£i 

jpL z 


J.so L 1 :L t ^R 1 :R t 


(26) 


In this way we compare the inductances L x and L z . 

If we had replaced the inductances L x and L z by two 
condensers C x and C 2 > the condition for balance would have 
been 

rS 9 = I s , so that C x : C, = R, : R,. . (26) 

jpC x R a 

Both (25) and (26) are independent of the frequency p. This 
does not often happen, but when it does, it means that we 
need not use a purely harmonic e.m.f. Any type of e.m.f. 
will serve, provided that it is not a constant one; this is 
because we can split up the variations 
of e.m.f. into harmonic components 
by Fourier’s theorem, and since (25) 
and (26) are true for each component 
of the e.m.f. they are true for 
the complete e.m.f. A satisfactory 
method in such cases is to use 
a battery with a make-and-break 
switch. 

Next consider the Maxwell 
bridge shown in Fig. 72. The four 
arms of the bridge contain ohmic 
resistances R x . . . J? 4 , but R x is in 
parallel with a condenser C and R t is in series with an 
inductance L. Once again the applied e.m.f. is 
connected between A and F t and adjustments are made 
till no current flows through the earphones between B and D. 
If Z x . . . Z 4 are the vector impedances, the condition of 
balance is 


B 



ZjZ 4 = Z^. 


• ( 27 ) 
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Now Z 2 = jR 2 , Z 3 = i? 3 , Z 4 = Ri+jpL, and 

I-I + -J-. 

Zi aijpc) 

Substituting in (27) we find, after a little reduction 
R>i (^4+ii 9 -^) = B a f? 3 (l 
Equating the real and imaginary parts : 

R l R i = R 2 R 3 , and L = CR 2 R Z . . (28) 

There are thus two distinct conditions; this often occurs in 
problems of this nature; it arises because the currents are 
specified not merely by their maximum values but also by 
their phases. In our present problem the conditions of 
balance are independent of p, just as in the De Sauty bridge. 
The final relation in (28) is very useful because if we are able 
to calculate any two of the quantities oapacity, resistance 
and self-inductance, it gives us a method of measuring the 
other. We have seen in earlier chapters that L and G may 
be calculated theoretically; in principle, therefore, this 
gives us a way of measuring resistances on an absolute scale. 
Indeed modifications of this circuit were used by Maxwell in 
determining the absolute ohm. 

Other examples of bridges of this kind will be found in 
the questions at the end of the chapter. 

§ 103. Acceptor and rejector circuits 

It often happens that we wish either to allow or to exclude 
one particular frequency of electric oscillations. For this 

c 


( a ) acceptor (6) rejector 

Fig. 73 

purpose we use an acceptor or rejector circuit, as shown in 
Fig. 73, 
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Consider first the circuit of Fig. 73a. The effective im¬ 
pedance is 

‘- irL+ gc- i ( rL -k)- 

So if p 2 = 1 l(LC), Z vanishes and the system allows free 
transmission for the particular frequency p/ 27 r. All other 
frequencies give a non-zero value for Z, and are therefore 
cut down in greater or less degree. This is called an acceptor 
circuit. 

Next consider the circuit of Fig. 73 b. The effective 
impedance is given by 

L = -L + _J_. 

Z jpL (1 /jpC) 

Thus 

jpL. 

1 —p 2 LC' 

Consequently Z is infinite for p 2 = 1/(LC ); this means that 
the circuit completely rejects the particular frequency p/2 it, 
admitting other frequencies to a greater or less degree. This 
is called a rejector circuit. Considerable modifications and 
variations of these two types of circuit have been devised, 
but we shall not discuss them here. 

§104. Power {actor 

Consider again the series-resonance circuit shown in 
Fig. 66 (§ 95). The applied e.m.f. is, in real form, 

£ — So cos pt, 

and the current, also in real form, is 

c 

i = cos (pt—8 ). . . . (29) 

Now the rate at which the source of supply is prov iding 
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energy is £i. This is a fluctuating quantity whose mean value 

£ 2 

is cos 8. This may bo described as the true power 


consumption ; it is the quantity that would be measured by 
a watt-meter. 

It is, however, quite possible to measure the current and 
voltage separately with an a.c. ammeter and voltmeter 
respectively. Instruments of this sort do not measure the 
mean value, which is zero, but the root mean square value 
(r.m.s.). Thus the current recorded would be the square root 
of the average of i 2 , which is soon shown to be £J\/2Z t 
on account of the fact that the mean value of cos 2 pt is £. 
Similarly the r.m.s. voltage is SolV% ; the product of the 
r.m.s. voltage and r.m.s. current may be called the apparent 
power. It differs from the true power by the factor cos 8, 
which we call the power factor. Evidently the power factor 
lies between 0 and 1, taking the value 0 when the current is 
right out of phase with the e.m.f. and the value 1 when the 
two are completely in phase. In simple terms 
true power = r.m.s. voltage X r.m.s. current X power factor. 
A large phase lag between current and voltage gives a low 
power factor ; this is wasteful in distribution since the same 
true power requires a larger r.m.s. current and hence larger 
losses through Joule heat in the wires. For this reason 
electric power companies instal devices to correct a low power 
factor and bring it as high as 0-9 or higher. When designing 
these devices we have to remember that condensers advance 
the phase of the current and inductances retard it. 


§ 105. Examples 

1. An alternating current i 2 cos j)t is superimposed upon a 
direct current i v Show that the r.m.s. current is V(h a +iH* 2 )- 

2. An e.m.f. represented by So+£i eipt where So and Si 
are real constants, acts in a circuit whose vector impedance is 
Z = Zefi. Show that the mean power expended in the circuit is 
l {£S+i£i % } cos 8. 
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3. Prove equations (23) and (24) for impedances in series and 
parallel. 

4. Show that the impedance of the system in Fig. 74 (a) 
is a+jpp, where a = R/(l+p 2 C 2 R 2 ), p = L—(GR 2 )/(l+p 2 G 2 R 2 ). 
Hence show that if pCR is very much less than 1, it is possible 
to choose R and G so that there is zero resultant reactance. 
This device, which may be thought of as cancelling the inductance 
L, is useful in long-distance cables, where the presence of an 
inductance is undesirable. 

5. Show that in the transformer of Fig. 74 (6) the mutual 
inductance M is equivalent to an impedance jpMi 2 li L in circuit 1 
and jpMi x li 2 in circuit 2. 

6. Show that the forced oscillations in the transformer 
circuit Fig. 74 (c) are given by 

£ =r jpLyii+jpMit , 0 = Ri 2 +jpL 2 i 2 +jpMi v 

Deduce that the peak value of the current in the secondary coil 
is M&IVULJ,~M 2 )p 2 +L t 2 R 2 }. 

7. Show that if the coefficient of coupling M jy/(L t L 2 ) in the 
last question is unity, then the power factor is pL 2 j y/(R 2 +p 2 L 2 2 ). 

8. Show that the natural frequencies of the circuit in Fig. 74 

(d) arep/27r, where C l C 2 (L 1 L 2 —M 2 )p*~(L l C 1 +L 2 C 2 )p 2 +1 = 0. 

9. Show that the power factor for the circuit shown in Fig. 74 

(e) is pL/y{p 2 L 2 +R 2 (p 2 LC-l) 2 }. 

10. Figure 74 (/ ) shows two circuits with a common capacity 
G. This is called direct capacity coupling. Show that the 
periods of free oscillation are r/p, where 

{CC&p'-iC+CJ} {CC 2 L# 2 -(C+C t )} - C X C 2 . 

11. In the circuit of Fig. 74 (g) the condenser is adjusted so 
that no current flows through the telephone. Prove that 
p 2 MG = 1. This may be regarded as a rejector circuit; it is 
called the Campbell Frequency Silter. Notice that it provides 
a measure of M, even though self-inductances are present in 
both halves of the circuit. 

12. Show that the conditions for balance in the Anderson 
bridge of Fig. 74 ( h) are 

R\Ri ~ R^R^t I* — GR 2 (R±R 2 -{-R^R^ -j- R 2 R^) (Ri* 

13. In the Bridge circuit of Fig. 74 (i) there is a mutual 
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inductance M between the incoming wire and the arm containing 
the resistance R v Show that the conditions of balance are 

= R^R^, LR t = — 


14. Show that the conditions of balance in the circuit of 
Fig. 74 (;') are 




Rt Ri Rf Rf 

p*G 1 G i G i G i ’ Ci C 4 C>C t ‘ 


In all the circuit diagrams above, £ represents an e.m.f. 
and L, M, C and R represent self-inductance, mutual 
inductance, capacity and resistance respectively. 
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§ 106. Displacement current 

The fundamental equations of the electromagnetic field are 
not yet completely established, for one of our previous 
equations requires an additional term. It was Maxwell who 
detected the omission and thus discovered a new and un¬ 
suspected importance in the study of electromagnetism. 

The equation that requires modification is the one 
established in Chapter VI which connects the current vector j 
and the associated magnetic field H in the form 

curl H = 47rj . . (1) 


Now div curl — 0, so that (1) automatically implies that 
div j = 0. But the equation of continuity of charge (§ 33, 
equation (6)) is 



Thus in general div j is not zero ; but it is zero for the case 
of steady flow discussed in Chapter VI. Equation (1) does not 
therefore hold for non-steady currents. However we may 
write the equation of continuity (2) in the form 


where 


div J = 0, 


J = j + 


l_3D 
47r 8t 


(3) 


This suggests very strongly that we ought to replace j in (1) 
by J. For J is a vector whose divergence is always zero and 
m 
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which reduces to j in steady cases. We call J the total current, 

1 dB 

1 the conduction current, and — the displacement 

477 Ct 

current. Since D = E-f47rP (§ 26), the total current may 
be written 


j = i+ d 2 + ±^ 

1 T 8t T 4w 8t 


(4) 


We can give a simple explanation of part of the displacement 
current. For when we polarise a dielectric we separate 
positive and negative charges. While this separation is 

taking place charges are moving and a current —, called the 

ct 

polarisation current, must flow. This justifies the second 
term in (4). The third term, introduced by Maxwell, is 
sometimes called the aether displacement current, or 
displacement current in vacuo. The total current is thus a 
sum of three separate terms, and the revised form of (1) is 

curl H =b 4wJ = 47rj + — . . . (5) 

ct 

If we measure H and j in e.m.u., and D in e.s.u., this becomes 

\dB 

curl H = 47rj + - — . . . (6) 

c ct 

The step from (1) to (6) has been shown to be reasonable 
and consistent. It is, however, possible to verify its accuracy 
experimentally by applying an alternating e.m.f. to the 
plates of a condenser between which there is a uniform 
dielectric. In the dielectric there is no conduction current j, 
but according to (6) there should be a displacement current 
1 8B 

-— —. It is not difficult to establish the presence of this 
Afire dt 

current by its magnetic field. In this way, and in other 
ways to be seen later, equation (6) is fully justified. Indeed 
the whole of the electromagnetic theory of light depends 
upon the inclusion of the extra terms shown in (4). 


3? 
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In previous chapters we have neglected the displacement 
current. This is certainly accurate for steady conditions 
(in which dBjdt = 0), and it is sufficiently accurate if the rate 
of change of D is not large. Such a condition is known as a 
quasi-steady state. All the equations and deductions in 
our discussion of induction in Chapter XI are thus dependent 
upon the assumption of a quasi-steady state. A study 
of numerical values shows that we may treat all ordinary 
electrical engineering problems as quasi-steady problems: 
it is only when we reach very high frequencies, such as those 
of light, that the displacement current predominates over the 
conduction current. 

§ 107. Maxwell’s equations 

We are now in a position to summarise the fundamental 
equations of the electromagnetic field. They are : 

(i) div D = imp, 

(ii) div B = 0, 

(iii) curl H = 4nj + 

c ot 

.. . lr , 10B 

(iv) curl E = — . 

Here, and elsewhere in this chapter we use mixed, or Gaussian 
units, i.e. D, E, p are measured in e.s.u., and B, H, j in e.m.u. 
Equations (i)-(iv) are known briefly as Maxwell’s Equa¬ 
tions. But they need to be supplemented by the con¬ 
stitutive relations : 

(v) D = KE, 

(vi) B = /xH, 

(vii) j = aE. 

To this list we may add the equations which define the 
potentials A and <f>. We have already seen that these are : 
(viii) B — curl A, 

(ix) E = -I^-gradf 
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Equation (viii) does not completely define A. In the steady 
conditions of § 58, equations (12) and (13), we added the extra 
condition div A = 0. But when dealing with fluctuating 
currents it is more convenient to generalise this in the form 

(x) div A =0. 

c ot 

In steady and quasi-steady states this new definition is the 
same as the old, and none of our earlier work is affected by 
the alteration. But the new form greatly simplifies the actual 
calculation of A and <f> in non-steady states. 

§ 108. Decay of free charge 

Several important deductions can be made from (i)-(x). 
Thus, using (vii) we may write (iii) in the form 

IdB 

curl H = 47TO-E -}-—. 

c ot 

Let us suppose that a and K are constant. Then taking the 
divergence of each side and using (i) we have 

0 

Thus, on integration: 

p= 

0 is called the time of relaxation. It follows from (7) 
that any original distribution of charge decays exponentially 
at a rate quite independent of any other electromagnetic dis¬ 
turbances that may be taking place simultaneously, and it 
justifies us in putting p = 0 in most of our problems. For 
metals 0 is too small to measure with any accuracy (e.g. for 
copper 0 is of the order of 10“ 18 seconds), but for dielectrics 
such as water the experimental value agrees excellently with 
(7). This theorem does not, of course, apply to charges at 
the surface of a conductor. 


K r cdt' 

, where 0 = K/irrac . . . (7) 
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§ 109. Electric waves 

Perhaps the most important deduction from Maxwell’s 
equations is that they predict electric waves. Consider a 
non-conducting medium such as glass, for which we may put 
a = 0 ; let us also suppose that K and jjl are constants. 
Then operating with curl on both sides of (iii) and using the 
fact that curl curl == grad div—V 2 , we get: 

17 ppp O 

grad div H—V 2 H = — curl — = — — (curl E). 

c ct c ct 


Substituting for div H and curl E, wc obtain the equation 


V 2 H = 


KjxdW 
c 2 0 < 2 ' 


(8) 


Eliminating H instead of E wc find the same equation for E:— 


c 2 dt* 


(9) 


These are the standard equations of wave motion.* They 
show that electric waves are transmitted with velocity 
In free space, where K = fi = 1, this velocity is 
just c. Now c, which first appeared in Chapter VI as the ratio 
of the e.m.u. and e.s.u. of current, may be determined 
experimentally: its value in e.g.s. units is 2-998XlO 10 . 
But it is found by experiment that the velocity of light in 
free space has this same value. We are thus led to the 
conviction that light waves are electromagnetic in nature, 
a view that has subsequently received complete verification. 
X-rays, ultra-violet rays, infra-red rays and wireless waves 
are also electromagnetic and differ only in the order of 
magnitude of their wavelengths. It can be shown, though 
we shafl not do so here, that they are all transverse waves. 

In non-conducting dielectric media, like glass, K is not 

* See Coulson, Waves, Oliver and Boyd Ltd., 1945, Chapters 1 
and VII, where a fuller account of electromagnetic waves is given. 
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equal to unity; also p depends on the frequenoy of the 
waves, but for light waves in the visible region we may put 
fi = 1. The velocity of light is therefore c/y/K. Now in a 
medium whose refractive index is n, it is known experimentally 
that the velocity of light is c/n. Hence if our original assump¬ 
tions are valid, K = n 2 . This result, which is known as 
Maxwell’s relation, is approximately satisfied by many 
substances, but it fails because it does not take sufficiently 
detailed account of the atomic structure of the dielectric. 
It applies better for long waves (low frequency) than for 
short waves (high frequency). 

The student may easily verify that a particular solution of 
(8) and (9) is 

E x =a cos p(t—z/V) , E y =E z —0y 
H y =y/(Kln)aeosp(t-zlV) , H x =H z =0 . (10) 

in which V = c/y/(KfJL) and a and p are constants. This 
evidently represents a plane wave of frequency p/2tt travelling 
in the 2 -direction with velocity F. The vectors E, H and the 
direction of propagation, form a right-handed set of axes, 
showing that such waves are transverse and not longitudinal. 

§ 110. Conducting media 

In our previous discussion we dealt only with non¬ 
conducting media, where a = 0. If we retain <r, the standard 
equations (8) and (9) are modified by the presence of an 
extra term. Thus, supposing always in accordance with 
§ 108, that p = 0, 

V *E=-^+^-. . . (11) 

v c* dt* ^ c 8t ' ’ 

There is a similar equation for H. This is the well-known 
equation ol telegraphy, from whioh we can infer that the 
additional term corresponds to a dissipation of energy. If 
we are dealing with waves whose frequenoy is p/2ir, E will 
be proportional to e ipt (or cos pt, or sin pt) and we may 
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replace djdt by ip. The ratio of the absolute magnitudes of 
the two terms on the right-hand side of (11) is therefore 
Kpj^Trac. If p is very large, as in light waves in a non¬ 
conducting dielectric, only the first term (displacement term) 
matters; but if p is small, as in long waves in a good 
conductor, the second term (conduction term) predominates. 
If we confine ourselves to the latter problem we may omit 

tho term — in (11). Putting j — crE, v e obtain the differential 

Cv 


equation of current flow : 

c ct 


■ ( 12 ) 


This is similar to the equation governing the flow of heat, with 
current j replacing the temperature. This analogy enables us 
to predict several important results, of which we may briefly 
refer to one. 

If the temperature at the plane face of a semi-infinite 
slab is fluctuating with given frequency, then as we proceed 
inside the slab there will be fluctuations of the same frequency, 
but of decreasing amplitude and increasing phase lag. Corre¬ 
spondingly it follows that if an alternating current flows in 
a conductor, the amplitude of the current decreases as we 
proceed into the conductor, and there is also a phase lag. 
Rapidly alternating current, therefore, tends to confine itself 
to the surface. This phenomenon is known as the skin effect, 
and has an important effect upon the resistance of wires in 
high frequency circuits. 


§ 111. Poynting vector 

We must next discuss tho energy of an electromagnetic field. 


Since the electrostatic energy (§ 28) is 


analogy (§ 64) the magnetic energy 


:h.bk ___ 


and by 


“J 8 it 


dv, we should 


expect the total energy to be the sum of the two. This may, 
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however, be proved by considering the rate of change of 
energy in a given volume ; for we have seen that all electro¬ 
magnetic effects may be attributed to charges, at rest or in 
motion; and we know that a moving charge experiences a 
force, so that as it moves, work is continually being done on 
it. In what follows we shall calculate the rate at which the 
energy changes due to these forces exerted on each moving 
charge. 


The force on a unit 


charge (§ 62) is E + 


vXB 

c 


Thus the 


rate at which work is done on unit charge is 


E + j (vxB)J.v = (E.v). 


Hence the total rate at which the forces of the field are doing 
work in the given volume is 


J (E.v)pdv = c j 


(E. j) dv, using mixed units. 


Substituting for j from Maxwell’s Equations (§ 107, (iii)), this 
becomes 


c 

4m 


f E. curl H dv 
J 4?r 


J 



or, since div (HxE) = E. curl H —H. curl E, 

■ |*div(HxE)dt? jH.curlEdv —^ Je.^ dv . 


c 

4tt J 


The first integral may be transformed into a surface integral 
over the boundary of the given volume. Further, using (iv) 
in § 107 for curl E, we obtain 


c 

4tp 


f 





dv 
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as the rate at which the field is doing work. If fi and K are 
constants with respect to t, this may be written 


8 ffB.H 

8tJ | &T 

J: 


H D.E 

87r 


dv = 


(E x H). dS +rate at which field does work. . (13) 


It is now quite clear that we must take the electromagnetic 
energy to be 


1{B.H+D.E} . (14) 


per unit volume ; energy conservation is then assured by (13) 
provided that we suppose the surface integral in (13) to 
represent a rate of flow, or radiation, of energy outward 
across the boundary of the volume. The vector 

^■(EXH), .... (15) 


which gives the rate at which energy is radiated across unit 
area, is known as the Poynting vector. In the form in 
which we have proved it in (13), only the integral of the 
Poynting vector over a closed surface has physical significance. 
In most cases, however, e.g. radiation from aerials or light 
waves, in which the field is rapidly alternating about a mean 



across any isolated unit area. 

Thus consider the plane wave defined by (10). It is easy 
£ 

to see that — (ExH) is directed along the positive z-axis 
and its magnitude is 
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This is a rapidly fluctuating quantity whose mean value is 
1 IK 

—yl—.ea l , and this is the rate at whioh energy crosses unit 

8rr * fJL 

area in the xy plane. Now, from (14) the energy density is 
Ka 8 l a\ 

5T «»*?(< ~y). 

with a mean value Ka 2 /8ir. If we may suppose that all the 
energy has a definite velocity of flow, this velocity must be 

the ratio ra ~— . ; ~ W , i.e. cly/(Ku), or V. With such a wave, 
density 

energy flows at the same speed as the wave itself. With a 
combination of two or more waves, however, for which F 
usually has different values depending on the frequency p/2n, 
this simple result is not true.* 


§112. The potentials 


Our discussion of electric waves in § 109 can equally well 
be given in terms of the potentials A and <f>. We leave it as 
an exercise for the student to show that if E, B, H and D 
are eliminated from Maxwell’s equations (i)-(x), we obtain 
the equations 


V 2 A = 


Kp.8*A 
c 2 8t 2 


-47rpj, . 


. (16) 


VT C 2 dt* K ' 


. (17) 


In uncharged media, where p = 0, (17) reduces to the standard 
equation of wave motion; so also does (16) in non-conducting 
media where j = 0. In either case this demonstrates the 
possibility of electric waves with velocity c/y/(Kn). 

* See e.g. Coulson, Waves, Oliver and Boyd Ltd., Chapter VIII. 
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§ 113. Retarded potentials 

Let us consider for a moment the particular case in which 
K = fji = 1. (16) and (17) become 

• ■ ■ ( 1 «) 

■ • • (19) 

The solutions of these two equations may be obtained by an 
extension of the method developed in § 13.* The result for 
<f> is 

<f> = J [Ehzlis dv (20) 

Similarly taking each component of A separately and then 
combining them 

A = Jllk!!* dv. ... (21) 

The notation [p] t - r lc means that when integrating (20) 
to get the value of <f> at a particular time t and a particular 
point P, each element p dv contributes an amount p dv/r, but 
p is measured not at the time t but at a previous time t—r/c. 
Now rjc is precisely the time that an electromagnetic wave 
would take to go from dv to the point P where <f> is being 
calculated. Thus t—r/c is the moment at which a signal 
would require to be sent from the element dv in order to 
reach P at the given time t. For this reason (20) and (21) 
are usually called retarded potentials and t—r/c is the 
retarded time. 

§ 114. Potential of a moving electron 

If we may suppose that each element of volume in (20) 
and (21) contributes to <f> and A independently of all other 

* For a full discussion of this, see Coulson, Waves % Oliver and Boyd 
Ltd., § 88. 
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elements, we may calculate <j> and A for an electron of charge 
e and velocity v by putting pdv = e and j dv = ev, and noting 
that in the denominator r becomes the retarded distance [r]. 
Thus 



e[v] 

M 


. ( 22 ) 


From these, by differentiation, it is possible to calculate the 
associated electric and magnetic fields and the rate of radiation 
of energy. 


§ 115. Recent developments 

It is beyond the scope of this book to discuss the further 
developments of the fundamental principles of electro¬ 
magnetism. Such studies mostly fall into one of two 
categories. First, there are attempts to co-ordinate the electric 
and magnetic fields in a comprehensive scheme in which a 
four-dimensional analysis is needed.* This soon involves 
the theory of relativity, but the complete formulation of 
a unified field theory in which relativity, gravitation and 
electromagnetism are seen to be properly related, has not yet 
been achieved. Then, secondly, in order to understand 
many of the experimental results which lie beyond the power 
of our previous analysis, it is necessary to use the methods 
of Quantum Theory to study in more detail the nature and 
structure of a single atom, and the forces between atoms. 
This theory is able to give a convincing account of the 
meaning and numerical values of the hitherto empirical 
constants a, ft and K ; it also explains the colour, or character¬ 
istic spectrum, of an atom or molecule, and many otherwise 
puzzling phenomena. But with this brief introduction to the 
elaborate field of modem Theoretical Physics we must leave 
the reader. 

* For an introduction to this, see Rutherford, Vector Methods, 
Chapter VIII. 
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§ 116 . 


Examples 


1. According to (4) the total current J involves a polarisation 
current. Show by analysis similar to that in § 25 that the 
magnitude of this must be dP/dt. 

2. Obtain the differential equation (11) for the electric vector 
E in the case where the volume charge p is zero. 

3. Verify the result stated in (10). 

4. In a certain electrical problem E x = 0, E y — 0, and 
E z = a cos nx cos net . It is given that H = 0 when 1 = 0 
and K = /jl = 1, p = 1 7 = 0. Prove that H x = 0, H z = 0, and 
that H v = —a sin nx sin net. Verify that there is no mean 
flux of energy in this problem, which is a case of stationary 
waves. 

5. A large sphere of radius b is made of material of conductivity 
a and dielectric constant K. At time t = 0 a charge Q 0 is 
uniformly distributed over the surface of a small concentric 
sphere of radius a . Show that at time t the charge Q on the 
inner sphere is given by Q = Q 0 e~ nt , where n = 4 iro/K. Show 
further that the total Joule heat loss during the discharge is 


Verify 

2jK\« b! y 


that this is also the decrease in electrostatic 


energy. 

6. Show that for any finite system the Poynting Vector tends 
to zero at infinity so fast that its integral over the sphere at 
infinity is zero. This shows that the total electromagnetic 
energy remains constant. 

7. The formula for the flow of energy ~(Ex H) was proved 

in § 111 for the case of a closed surface only. Verify that it is 
not true for an open surface in the case where E and H are two 
constant perpendicular fields; but it is still true even in this 
case for any closed surface. 

8. Starting with the formula (14) for the electromagnetic 
energy U in a given volume, show from Maxwell’s equations that 


ejj 

dt 



Ex H). dS—c 


/ 


j. E dv. 


Interpret the two terms on the right-hand side and notice that 
this provides an alternative derivation of the Poynting Vector. 
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9. Obtain equations (16) and (17) for the potentials A and </>• 

10. Show that the potentials A and <f> (§ 107) which describe 
the plane wave (10) are 

( Z \ OCX ( z \ 

t - y)>A x =A V = 0, A z = - — cos P\f—y) 

11. It is sometimes convenient to replace the conditions 
(viii)-(x) in § 107 by alternative conditions. 

B = curlE = — - grad 0, div ji = —4w 

c ct c ot 

Show that if we may put p = 0 the new potentials and $ 
satisfy the equation 

rr* = 47rg ^ 8 , K P 

v c c< c» a<*’ 


These equations are important because they are the same as the 
differential equation (11) for E and H. 

12. Show that if in the previous question we put $ = —div Z, 


KudZ 

then /f = 4ttctu Z H- 

c dt 


E = 

viz.. 


Show also that we may now put 
curl curl Z where Z satisfies the same equation as yj. and </r, 


V7»Z = 4n,<7/X 52 4 . ^ 8,Z 
v c dt c* 


Z is called the Hertzian Vector. We may notice that all 
properties of the electromagnetic wave are contained in the one 
differential equation for Z. 

13. Show that it is possible to solve equation (11) for waves 
of frequency p/2tt in a conducting medium by putting E 9 = 2^=0, 
E m = a e‘ pU ~ <7 * ) , where g is given in terms of p by the equation 



By taking the real part of E x show that a harmonic wave cannot 
be propagated in such a medium without absorption. 

14. In the previous question 4ttctc is very much greater 
than Kp. Show that q = y(l — i), where y % = 2 nap/pc. Deduce 
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that H y is the only non-vanishing component of H and that 
H 9 and E m have a 7 t/ 4 phase difference. 

15. Verify that a particular solution of equation (12) is 
j m = j y = 0, j t = a e~py x cos p(t—yx), where y* = 2napjpc. 
Interpret this in terms of the skin effect in a semi-infinite con¬ 
ductor bounded by the plane x = 0. 


16. Show that the magnetic field energy 



B. H dv confined 


in a given volume may be written in the form 


*J AJ dv + lb / A -Tt dv ~ ^ flux (Hx A)> 


Deduce that in a finite system of quasi-steady currents the 
total magnetic field energy is simply £ J A.j dv , which, if p is 

constant, may be written as % p j ■— ~ - dv dv'. In this integral 

j and j' are the values of j at dv and dv', r is the distance 
between dv and dv' and the integration covers the whole of space 
for both dv and dv'. 

17. Taking in the previous question the special case of a pair 
of closed linear circuits carrying currents i x and i z , show that 

the extra field energy due to their interaction is pi\i 2 J 

i.e. M 12 iii 2 (cf. § 64). The total magnetic field energy has thus 
been shown to be £ L x i x 2 + M x% i x i t + i L 2 i 2 l . 

18. Current i flows in a straight wire whose section is a circle 
of radius a. Show that the magnetic field energy inside the wire 
is pi 2 / 4 per unit length. Deduce that the contribution to the 
self-induction that arises from the energy stored inside the wire 
is i p per unit length. (Use the field given in § 55, question (4).) 
This is called the internal self-inductance. The external 
self-inductance may be obtained by regarding the current as 
all concentrated along the central line. This provides a method 
of calculating self-inductances. 

19. The total charge Q on a conducting sphere of radius a 
is made to vary so that Q = 4 7ra*a, where a = 0 for «0 and 
a = a 0 sin pt for f>0. Show that if K «= p = 1, then the 
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potential ^ at a distance B ( R>a ) from the centre of the sphere, 
is given by 

ct<R—a , <f> « 0, 

R—a<ct<R+a, (f> = 2 ~ ^f? |i~cosp^~ 

_ , , 4 mean .pa . / R\ 

R+a<ct , 6 — —— sm — sin © /-. 

pR c \ d 

20. Show that if u — t—r/c and g(u) is any function of u, 
then a possible solution of equation (17) in which p = 0, 
K == fi = 1, and </> depends only on the time £ and the distance r 
from the origin is, <f> = g(u)/r. 

21. Verify that a possible solution of equations (16) and (17) for 
the potentials in free space is obtained by choosing any function 
/ ( u ) of the variable u — t—r/c, and writing 




This is Hertz's solution of the field due to an electric dipole (or 
Hertzian oscillator), whose moment is f (t) pointing along the 
z axis. / (t) is usually an oscillating periodic function of t, and by 
this means it is possible to discuss radiation from short aerials. 
The solution can also be used to calculate the radiation from an 
accelerated electron. 

22. Show that in the previous question the rate of flow of 

2 

energy across a large sphere is -- [/'(w)]*- 

3c z 

23. An electron of charge e is moving with constant velocity v 
along a straight line. P is a point such that the line joining P 
to the electron is of length r and makes an angle $ with the 
direction of motion. Show that if v is much less than c, we may 
write 

+P = ;( 1 + c C0S e )’ Ap = 7 (l +- cos 0). 

24. Use the formulae of the last question to calculate the 
electric and magnetic fields at the point P. 
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UNITS AND DIMENSIONS 

§117. Dimensions 

We have left till now any discussion of units and dimensions. 
This is intentional, because the basic principles previously 
outlined are completely independent of the particular 
practical units concerned, and it is better therefore not to 
confuse matters of principle with questions of practice. 

There is, however, one important matter to which (§ 45) 
reference has already been made. We have from time to 
time used two completely independent systems of measure¬ 
ment, the e.m.u. and e.s.u. These are each self-consistent, 
but they are not the same and (as we have developed them) 
actually predict different dimensions for the same quantity. 

Thus, considering first the e.s.u., we remember that the 
force between two charges Q x and Q 2 in vacuo is F = QiQJr 2 - 
Since the dimensions of force are MLT~ 2 , this gives 
Q = But current is rate of flow of charge and 

must therefore be M*DT ~ 2 ; current density is current per 
unit area of section and must be In this way the 

dimensions of all the required quantities may be obtained, on 
the supposition that the dielectric constant is a pure number. 
But it may be objected that the real law of force is 
F = QiQJKr 2 , and that by putting K = 1 in free space we 
do not remove its dimensional character. In such a case 
we must develop all our dimensional analysis in terms of 
MLT and K. The results of both calculations are shown in 
table I at the end of the chapter. The student is strongly 
urged to draw up this table for himself, filling in the last five 
columns without consulting the book. 
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Similarly we can deal with the e.m.u. Here we can start 
either with a law of force between poles p x and p 2 given by 
F = Pipjfir 2 , or, if we do not wish to introduce such un¬ 
observable entities as isolated magnetic poles, we may use the 
mutual potential energy M 12 i 1 i 2 (§ 53) between two currents. 
The resulting dimensions, with and without the inclusion of 
the permeability p, are also shown in Table 1. 


§118. Ratio of e.m.u. and e.s.u. 

Reference to Table 1 shows that if we neglect any possible 
dimensions in p and K, the e.s.u. and e.m.u. always differ 

by a power of LT-\ i.e. a velocity. Thus the — u< °^ c ^ ar g e 

e.m.u. of charge 

e.s.u. of resistance 

has dimensions LI 7-1 and the--——-has dimensions 

e.m.u. of resistance 

(LT- 1 )* 2 . This ratio which is found numerically (see § 108) 
to have the same value as the velocity of light in free space, is 
represented by c, with a numerical value approximately 
3x 10 10 cms. per sec. We show in the last column of Table 1 
the ratio of the e.s.u. and the e.m.u. for the various quantities. 
Thus, from the Table, we see that 1 e.s.u. of electric field E 
equals 3xl0 10 e.m.u. of electric field. In this way Table 1 
may be used to convert from one system to the other. 

On the other hand, if we take into account the dimensions 
of K and p we are obliged to use four and not three funda¬ 
mental units. We may choose M and any three of L, T, K, p. 
This follows from Table 1, in which it is easily verified from 
the last five columns that when K and p are included the 
e.m.u. and e.s.u. predict the same dimensions for all quantities 
if [K][p] = [velocity]-*. 

One possible objection to the use of all such systems as 
these is that fractional exponents occur in the dimensions 
of most quantities. It is possible, though we shall not 
discuss this further, to avoid all fractional indioes by working 
in terms of M f L, T and Q as the four basic quantities. 

9 
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§ 119. Gaussian units 

It is possible to work entirely in e.s.u. or entirely in 
e.m.u. But in that case the powers of c in Maxwell’s equations 
differ from those given in § 107. It is more convenient to 
use mixed units, sometimes called Gaussian units, instead. 
Here magnetic quantities are measured in e.m.u. and electro¬ 
static quantities in e.s.u. Maxwell’s equations then show a 
symmetry in powers of c that makes them easier to remember. 
In this system some writers take the current j in e.s.u. and 
others (as in this book) in e.m.u. Our division is : 

e.s.u.—charge, electric field, displacement, capacity and 
related quantities; 

e.m.u.—current, magnetic field, induction, resistance and 
related quantities. 


§ 120. Rationalised units 

In order to avoid the factor 47 t which is continually 
appearing in our formulae various rationalised systems have 
been introduced by means of which it is removed. This is 
achieved by inserting a factor 4 tt in the definitions of dielectric 
constant and permeability. As a result, in free space K and ft 
are no longer unity; we generally write them K 0 and /t 0 . 
If we are using rationalised Gaussian units, K 0 and fi 0 have the 
value 1/4 tt and 4n respectively. The most important 
rationalised system is the Georgi system. This leaves 
unchanged the practical units of ohm, Coulomb and volt 
(see § 122 and Table 4 for further details.) 


Note to Tablo 1. 


Column headed “ e.s.u. A’-dimensionless “ gives the dimensions when the law of force 
Is F-QjQi/r 1 . 

Column headed “ e.m.u. ft-dimensionless” gives the dimensions when the law of 
force between poles is Ftpipt/r*, i.e. when the mutual potential energy of two 
small magnets is (mi. -3(m,. r)(m,.r)/r*. 

Column headed “ e.s.u. including A gives the degree of K by which the “ A'*dimen- 
sionless M column must be multiplied when the law of force is (MJKi*. 

Column headed “e.m.u. including M ” gives the degree of tf by which the “/i-dimen¬ 
sionless 1 * column must be multiplied when the law of force is 
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§ 121. Practical units—c.g.s. system 

The absolute e.s.u. and e.m.u. are not convenient in 
magnitude for ordinary measurements, and we therefore 


Table 2 —Practical c.g.s . units 


Quantity. 

Symbol. 

Name of 
Practical 
c.g.s. unit. 

Measure 
in e.s.u. 

Measure 
in e.m.u. 

Capacity . 

C 

Farad 

10-’ c 2 

io- # 

Charge 

Q 

Coulomb 

10- 1 c 

10- 1 

Conductivity 

a 

Mho per cm. 

10- B c 2 

10-® 

Current 

i 

Ampere 

10 _1 c 

io- 1 

Current vector . 

\ 

Amp. per sq. 

IO -1 c 

io- 1 



cm. 



Dielectric constant 

K 

An - farad per 

10- # c 2 

10“ # 



cm. 



Displacement 

D 

Air * coulombs 

10- 1 c 

io- 1 


<s 

per sq. cm. 



E.m.f. 

Volt 

10« c- 1 

10* 

Electric field 

E 

Volt per cm. 

10« c- 1 

10* 

Magnetic field 

H 

Oersted 

c 

1 

Magnetic flux 

N 

Maxwell 

C _1 

1 

Inductance 

L, M 

Henry 

10® c“ 2 

10* 

Magnetic induction 

B 

Gauss 

C _1 

* 

Magnetic moment 

m 

Maxwell-cm. 


1 

fir 

Magnetisation 

I, M 

Maxwell per 
sq. cm. 


1 

An 

Magnetostatic potential 

(> 

Gilbert 

c 

1 

Permeability 

/* 

Gauss per oer- 

atari 

c~ a 

1 

Polarisation 

P 

otuU 

Coulomb per 

10” 1 c 

io- 1 



sq. cm. 


1 

4 IT 

Pole strength 

V 

Maxwell 

s"" 

Electrostatic potential 

v,4> 

Volt 

10* c- 1 

10* 

Magnetic vector poten¬ 
tial 

A 

Gauss-cm. 

c~ x 

1 

Resistance 

It 

Ohm 

10* c~* 

10* 

Specific resistance 

T 

Ohm-cm. 

10* c~ 2 

10» 


introduce practical units, the coulomb, volt, etc., based on the 
e.m.u. Table 2 shows the relation between the practical and 
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absolute c.g.s. units. These new units are consistent among 
themselves. Thus: 

1 amp. = 1 coulomb per second, 

1 farad = 1 coulomb per volt, 

1 ohm = 1 volt per amp., etc. 

A relation often worth remembering is that 1 e.s.u. of potential 
is the same as 300 volts. 

Since these units are derived from an absolute definition of 
charge, current, etc., we may refer to them as the absolute 
amp., the absolute ohm, etc. Absolute measurements of 
this kind are extremely difficult to make ; accordingly, for 
practical convenience and by international agreement, the 
ohm, amp., and volt have been defined in terms of simpler 
definite physical apparatus. We call these the international 
units (int. units). Thus the int. amp. is that current which 
deposits 0*001118 gram of silver per second in a voltameter; 
and the int. ohm is the resistance of a certain definite column 
of mercury. It is much easier to measure current by a volt¬ 
ameter than by using a Kelvin current balance to determine 
the force between two coils of wire. In fact, the methods by 
which the int. units are defined were devised at an early stage 
before the theoretical relations between the various quantities 
were properly understood. As a result the absolute and 
international units are not quite the same. Thus 

1 int. ohm is about 1*0005 abs. ohms. 

This difference, and the corresponding differences in the other 
units, are fortunately insignificant except for work of extreme 
precision, and for ordinary purposes they may be neglected. 

§ 122. m.k.8. units 

We have hitherto used the centimetre, gram and second 
(c.g.s. system) as our fundamental mechanical units. But a 
more convenient system for many purposes is obtained if we 
take as fundamental units the meter, kilogram and seoond 
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Table 3 —Relation between m.k.s . and c.g.s. Mechanical Unite 


Quantity. 

M.k.s. System. 

C.g.s. System. 

Length 

Mass 

Time 

Energy 

Force 

Power 

1 meter - 

1 kilogram - 

1 second - 

1 joule 

1 newton = 

1 watt - 

= 10 2 ems. 

= 10* gms. 

= 1 second 

10 7 ergs 

10* dynes 

10 7 ergs per sec. 


Table 4 —Practical Rationalised m.k.s. or Oeorgi Unite 




I 

Measure in 

Measure in 

Quantity. 

Symbol. 

Name. 

Unration¬ 

alised 

Unration¬ 

alised 




e.s.u. 

e.m.u. 

Capacity . 

r 

1 Farad 

10-* c J 

io- # 

Charge 

Q 

Coulomb 

10- 1 c 

io- 1 

Conductivity . 

a 

Mho per meter 

10- 11 c 2 

io- M 

Current 

i 

Ampere 

10-*c 

io- 1 

Current vector . 

j 

Ampere per sq in. 

10-*c 

10-‘ 

Dielectric constant . 

K 

Farad per meter 

4rr 10~ ll c 2 

in 10- 11 

Displacement . 

D 

1 Coulomb per sq. m. 

4ir 10 5 c 

in 10-* 

E.m.f. 

8 

i Volt 

10* c* 1 

10* 

Electric field 

E 

Volt per meter 

10* c- 1 

10* 

Magnetic field 

H 

' Ampere-turn per in. 

47t 10~® c 

4tt 10-* 

Magnetic flux . 

N 

Weber 

10* c- 1 

10* 

Inductance 

L, M 

Henry 

10* c“* 

10* 

Magnetic induction . 

B 

Weber per sq. m. 

10* c > 

J- 10 10 c -1 
4rr 

10* 

-L io 1 * 

4 n 

Magnetic moment . 

m 

Weber-meter 

Magnetisation . 

I, M 

Weber per sq. m. 

J 10* c-‘ 

in 

-i 10* 

4 it 

Magnetostatic poten¬ 
tial 

U 

Ampere-turn 

in 10- 1 c 

in IO" 1 

Permeability . 

P 

Henry per meter 

J- 10' c- J 

47T 

i- 10' 

4 7T 

Polarisation 

P 

Coulomb per sq. m. 

10-‘c 

io-* 

Polo strength . 

P 

Weber 

1 10» c-‘ 
4ir 

-Lio* 

4 it 

Electrostatic poten¬ 

V,<fr 

Volt 

10* c~ 1 

10* 

tial 

i 



Magnetic vector po¬ 

A 

Weber per meter 

10* tr l 

10* 

tential 





Resistance 

R 

Ohm 

10* c~* 

10* 

Specific resistance . 

T 

Ohm-meter 

10 n c~* 

10 u 
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(m.k.s. system); and in fact the c.g.s. system has been 
largely superseded by the m.k.s. system in recent years. 
The relations between the most common mechanical quantities 
in the c.g.s. and .m.k.s. systems is shown in Table 3, which 
enables us to convert easily from one to the other. 

The practical electrical units are easily expressed in 
terms of the m.k.s. system by combining Tables 2 and 3. 
However, it is worth while showing this relationship quite 
precisely; thus Table 4 gives the practical unit in the 
m.k.s. system and its relation to the ordinary unrationalised 
e.s.u. and e.m.u.; the rationalised system used in the 
electrical m.k.s. units is the Georgi system (see § 120) which 
introduces a factor in K and /z, but leaves the ohm and the 
volt unchanged. 

Finally, in Table 5, we give the numerical values of 
some related and useful physical quantities. 


Table 5 —Some Useful Constants 


Velocity of light in free space = c 
Charge on an electron — e = 

Mass of an electron = m = 

e/m for an electron (the specific charge) = 
Mass of a hydrogen atom = M = 

Horizontal component of the earth's 
magnetic field 

Field between poles of a large electro¬ 
magnet = 

Conductivity of copper (a metallic 
conductor) = 

Conductivity of shellac (insulator) = 

Permeability of soft iron = 

Permeability of gold 

Dielectric constant of glass = 

Planck’s constant = h = 

Avogadro’s number = number of mole¬ 
cules in a gram-molecule 


2*998 x 10 10 cms. per sec. 
4*803 x 10' 10 e.s.u. 

9*110X 10“ M gms. 

1 *76 x 10 7 abs. e.m.u. per gm. 
1*660x10-** gms. 

0*18 oersted (approx.) 

= 10,000 oersteds 

:5*8 x 10* mho per cm. 

= 10~ 1# mho per cm. 

=50 to 1000 gauss per oersted 
=between 1 and 3 times 10~* 
gauss per oersted 
=5 to 10 4w-farad per cm. 
=6*62x 10“* 7 erg-sec. 

=6-024x 10” 
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Absolute resistance, 123, 218 
Acceptor circuit, 218 
Accumulator, 5, 76, 83 
Action-at-a-distance, 37, 64, 124, 
193 

Admittance, 212 
Aerials, 9 

Aether, 37, 124, 225 
Air, 52 

Alternating current theory, chap, 
XII 

e.m.f., 198 
Amber, 1, 5 

Amp&re, 6, 91, 120, 129, 130, 244 

Anderson Bridge, 221 

Anisotropy, 53, 77 

Apparent charges, 54 

Argand diagram, 213 

Armature, 198 

Atoms, 2, 26, 132j 

Atomic current, 6 

Attracted disc electrometer, 34 

Axial symmetry, 165 

Back e.m.f., 194 
Bar magnet, 141 
Battery, 60, 76, 83 
Bifilar current, 107, 121, 130 
Biot-Savart law, 104 
Bohr, 26 

Bound charges, 54, 58, 60 
Boundary conditions, currents, 78 
electric, 57, 59 
magnetic material, 115 
Bridge circuits, 85, 216-218, 221 

Cable, submarine, 90 
Campbell frequency sifter, 221 
Capacitative coupling, 221 
reactance, 212 
Capacity, 43, 56 
specific inductive, 52 
Cascade, condensers in, 45 
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Cauchy relations, 179 
Cavendish, 11 
Cavities in dielectrics, 67 
in magnets, 116 
c.g.s. units, 244 
Charge, 1 
apparent, 54 
bound, 54, 60 
collinear, 25 
density, 16 
discrete, 2 
fictitious, 54 
force on moving, 121 
free, decay of, 227 
image, 174 
line, 28, 181 
point, 2 
test, 12, 15 

Circuits, acceptor, 218 I 
bridge, 85, 216-218, 221 
damping, 207 

induction in, 194, 195, 216-218 
rejector, 218 
threading, 97 
Cloud chamber, 131 
Coefficient of mutual induction, 
105, 119, 170 
self induction, 106, 119 
Coils, circular, 98 
energy in, 124-128 
field, 198 
Helmholtz, 107 
large, 95, 97 
search, 93 
small, 91, 117 
Commutator, 198 
Condensers, 43-47 
energy of, 46 
in parallel, 45 
in series, 45 
parallel plate, 43 
plates of, 43, 59 
spherical, 44 
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Conduction current, 73, 225 
Conductivity, 75, 82 
Conductors, 5, chap. Ill 
conjugate, 88 
introduction of new, 37 
mechanical force on, 33, 47, 56 
spherical, in uniform field, 156 
waves in, 229 

Conformal representation, 183-188 
Conjugate conductors, 88 
functions, 178 
Conservative fields, 13 
Constant, time, 199 
Constants, universal, value of, 247 
Constitutive relations, 226 
Continuity, equation of, 75 
Core, 198 

Coulomb, 11-14, 30, 33, 56, 244 
Coupling, capacitative, 221 
factor, 109 
inductive, 201 
Crystals, 53, 77 
Curie’s law, 111 
Currents, 4 

alternating, chap. XII 
atomic, 6 
balance, 245 
bifilar, 107, 121 
conduction, 73, 225 
density, 73, 101 
displacement, 9, 224, 225 
eddy, 205 

force on, in field, 119 
magnetic effects of, chap. VI 
polarisation, 225 
quasi-steady, 8, 9, 226 
steady, chaps. V, VI 

in magnetic material, chap, 
VII 

vector, 73 

Cylinders, images in, 176 

Damping, critical, 207 
over-, 207 

Decay of free charge, 227 
Demagnetising field, 143 
De Sauty Bridge, 216 
Dielectrics, chap. IV 
cavities in, 67 
constant, 52, 56 
force on boundary, 66 


Dielectrics, sphere, in uniform 
field, 159 
susceptibility, 53 
Dimensions, 240, chap. XIV 
Dip, 147 

Dipole, electric, 38 
forces on, 40 
induced, 53 
moment, 38 

mutual energy of two, 41 
potential due to, 40 
Direct capacity coupling, 221 
e.m.f., 198 
Disc, Faraday’s, 122 
Discharge tube, 4 
Discrete charges, 2 
Displacement current, 9, 224, 225 
electric, 55, 112 
Domain, magnetic, 132 
Double layer, 42 
Doublet, line, 182 
Drude, 76 
Dynamo, 8, 197 

Eamshaw’s theorem, 23 
Earth’s magnetism, 145 
Eddy currents, 205 
Effective charges, 58 
Electric dipole, 38 
displacement, 55, 112 
double layer, 42 
field, see electrostatic field 
motors, 8, 121 
Electrode, 75, 78 
line, 181 
resistance, 89 

Electrodynamics, 8, chap. XIII 
Electrolytes, 5 

Electromagnetic field, 9, chap. 
XIII 

induction, 8, chap. XI 
units, see e.m.u. 
waves, 9, 228-230 
Electrometer, 5, 34, 75 
Electromotive foroe, see e.m.f. 
Electron, 1, 131 
conduction, 5, 76 
free, 5, 76 
mass, 131 
metallic, 5, 76 
positive, 1 
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Electron, potential of moving, 
234 

radius of, 131 
spin, 7 

velocity of, 76 

Electrostatics, 1, chaps. II, III, 
IV 

energy of field, 36 
field, 12 
units, see e.s.u. 

Electrostriction, 67 
E.m.f., 83, 198 
back, or induced, 194 
E.m.u., 6, 11, 80, 92, chap. XIV 
Energy of condensers, 46 
density, 37, 124 
of electrostatic field, 36, 37, 63, 
72 

flow of, 230 
loss of, 79 
magnetic, 123, 143 
Equation, of continuity, 76 
of current flow, 78 
of magnetic field, 113 
Maxwell’s, 9, chap. XIII 
of potential theory, chap. IX 
of telegraphy, 229 
of wave motion, 228 
Equilibrium of charges, 23 
Equipotential surface, 16, 17, 29 
Equivalent stratum, Green’s, 48 
E.s.u., 6, 80, 92, chap. XIV 
Exploring a field, 13 

Farad, 244 

Faraday, 6, 18, 37, 193 
disc, 122 
equation, 56 
Ferromagnetism, 110 
Fictitious charges, 54 
Field, demagnetising, 143 
electromagnetic, 9 
electrostatic, or electric, 12, 182 
energy, 35, 61, 230 
internal, of Weiss, 132 
lines, 17 

magnetic, or magnetostatic, 93 
100, 113, 182 

Flow, lines and tubes of, 74 
Flux of B, 118, 119 
current, 74 


Flux of D, 55, 58 
E, 19, 21 
energy, 230 
H, 100 

Force at boundary of dielectric, 66 
on current in magnetic field, 
119, 121, 130 
electromotive, see e.m.f. 
magnetomotive, 97 
mechanical, on conductor, 33, 
47, 56 

on moving charge, 121 
Forced oscillations of a circuit, 
200,209 

Free oscillations of a circuit, 200, 
209 

Frequency, resonance, 201 
sifter, Campbell, 221 

Gauss, 244 

law, 20-25, 29, 56, 58 
Gaussian surfaces, 25 
units, 243 

Georgi system of units, 243 
Gilbert, 244 

Green’s equivalent stratum, 48 
reciprocal theorem, 48, 71, 82 
theorem, 21, 31 
Guard-ring, 35 

Hard magnets, 133, 138 
Harmonic functions, 155 
Heat loss, 79, 86 
Helmholtz coil, 107 
Henry, 244 
Hertzian vector, 237 

Images, 173-178 

Imaginary magnetic matter, 112, 
146 

Impedance, 210, 212 
vector, 214 

Induced magnetism, 7, 110 
Induction, coefficient of mutual, 
105, 119, 170 
self, 106, 119 

electromagnetic, 8, chap. XI 
generalised law of, 203 
magnetic, 111, 138 
single circuit, 198 
tubes of, 56, 193 
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Inductive, Capacity, Specific, 52 
coupling, 201 
reactance, 212 
Infra-red rays, 228 
Insulators, 5 

Intensity of magnetisation, 110 
Internal field of Weiss, 132 
self-inductance, 238 
Inverse square law, 11, 22, 37, 57, 
64, 94, 141 
Ions, 4 
Isotropic, 57 

Joule heat loss, 81, 82 

Kelvin current balance, 245 
Kirohhoff ’s laws, 85, 215 

Laplace, 22, 178 
Layer, double, 42 
Le Chatelier’s principle, 194 
Lenz’s law, 193 
Light, 6 

reflection and refraction of, 9 
velocity of, 9, 228 
Line charge, 28, 181 
doublet, 182 
electrode, 181 
Lines of flow, 74 
Lines of force, 17, 18, 141 

reflection and refraction of, 69, 
128 

Lorenz, 123 

Loss of energy, 37, 72, 79, 81, 82 

MacCullogh’s fonnula, 28 
Macroscopic, 3, 4 
Magnetic, effects of currents, 91 
energy, 123, 135, 230 
field, 93, 100, 104, 113 
field of infinite straight wire, 
104, 107, 182 
induction, 111 
media, 110 
moment, 92 
permeability, 112 
shell, 95, 96, 125 
sphere, 145 
susceptibility, 111 
vector potential, 103, 108, 134, 
139, 205 


Magnetisation, intensity of, 110 
Magnetism, 4, 5, chaps. VI-VIII 
bar magnets, 141 
induced, 7, 110, 138 
large magnets, 137 
permanent, 6, 110, chap. VIII 
saturation, 111 
terrestrial, 145 
uniform, 147, 151 
Magnetomotive force, 97 
Magnetostatic field, 93 
potential, 133, 139 
Mapping a field, 15, 17 
Maxwell, 6, 9, 37, 64, 112, 203, 
229, 244 
bridge, 217 

equations, 224, chap. Xlll 
Mechanical force on boundary of 
dielectric, 86 
on conductor, 33, 47, 56 
on current, 119, 121, 130 
on moving charge, 121 
Metal, 5 

Metallic conductivity, 76 
electrons, 5 
Microscopic, 3, 4 
Minimum heat loss, 82, 86, 88 
M.k.s. units, 245 
Moment, dipole, 38 
magnetic, 92 
Motors, 8, 121 

Mutual induction, 105, 119, 170 
potential energy of two coils, 
119 

potential energy of two dipoles, 
41, 135 

Negative charge, 1 
Networks, 84-86 
Neumann’s formula, 105 
law, 193 

Neutral point, 19 
Nucleus, 2 

Oersted, 6, 91, 244 
Ohm, 76, 244 
absolute, 218 
Ohmic resistance, 212 
Oscillations of a circuit, 200-203, 
chap. XII 
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Parallel, condensers in, 45 s' Refraction of lines of B, 128 
Permanent magnets, 6, chan^VIII lines of force, 69 
Permeability, magneticV-Ha Rejector circuits, 218 

Phase. 198. 210 ff. 220 Relaxation, time of, 227 


Plates of condenser, 43, 59 
Point charge, 2, 12, 123 
of equilibrium, 19 
neutral, 19 

Poisson, 22, 33, 57, 94, 112, 146 
Polarisability, 53 
Polarisation, 52, 60, 110 
current, 225 
Poles, magnetic, 94 
North or South, 94 
vector potential of, 149 
Positive charge, 1 
electron, 1 
Potential, 12, 29, 40 
difference of, 13 
equations, 22, 235 
energy of charges, 35, 41 
of coils, 94, 117, 119 
of currents, 118 
functions, 155 
of magnetic shell, 96 
of magnets, 133, 135, 139 
maximum of, 22 
minimum of, 22 
of moving electron, 234 
problems, chap. IX 
retarded, 234 
Power factor, 219, 220 
Poynting vector, 230 
Practical units, 244 
Principle of superposition, 13, 22, 
35, 43 
Proton, 1 

Quadrupole, 50 
Quantum theory, 235 
Quasi-steady currents, 8, 9, 226 

Ratio of electrical units, 241 
Rationalised units, 243 
Reactance, 210 
capacitative, 212 
inductive, 212 

Reciprocal theorems, 48, 71, 82 
Reflection of light, 9 
Refraction of currents, 87 
light, 9 


Representation, conformal, 183- 
188 

Resistance, 79, 82 
absolute, 123 
electrode, 89 
ohmic, 212 
specific, 77 

Resonance frequency, 201 
Retarded potentials, 234 
time, 234 

Saturation magnetisation, 111 
Savart, law of Biot and, 104 
Search-coil, 93 
Self-induction, 106, 119, 238 
Series, condensers in, 45 
Shell, magnetic, 95, 96 
Skin effect, 230 
Solenoid, 98, 142 
Specific resistance, 77 
Spheres, dielectric, 159, 161 
conducting, 156 
images in, 176 
Spherical cavity, 160 
Spin, 7 
Stokes, 102 
Stream function, 180 
examples of, 181-183 
Strength of double layer, 42 
electrode, 75 
magnetic shell, 95 
tube of force, 18, 23 
Stresses in aether, 37, 64, 124 
Submarine cable, 90 
Superposition, principle of, 15, 22, 
35, 43 

Surface density of charge, 16, 30, 
33 

equipotential, 16, 17 
Gaussian, 25 

Susceptibility, dielectric, 53 
magnetic, 111 
Symmetry, axial, 165 

Telegraphy, equation of, 229 
Terminals, 60 
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Terrestrial magnetism, 145 
Test charge, 12,15 
Thomson, 1, 72 
Threading a circuit, 97 
Time constant of circuit, 199 
of relaxation, 227 
retarded, 234 
Torsion balance, 11 
Transformer, 1, 201 
condition, 203 
Transients, 201, 209 
Transverse waves, 228 
Tube of flow, 74 
1'orce, 18, 23, 29, 37 
between, 66 
induction, 56, 193 
unit, 18, 19 
Two-dimensional problems, 163, 
164, 178-188 

U11 ra-violet rays, 228 
Uniqueness, 171 
Unit tube of force, 18, 19 
Units, electromagnetic, 6, 80, 93, 
chap. XIV 

electrostatic, 6, 11, 80, 93, 
chap. XIV 
Gaussian, 243 
Georgi, 243 

practical, or c.g.s., 244 
rationalised, 243 


Vector, Hertzian, 237 
impedance, 214 
potential, 101, 205 
boundary conditions for, 116 
of constant held, 108 
of isolated pole, 149 
of magnetic dipole, 108, 134, 
139 

of uniformly magnetised solid, 
151 

Pointing, 230 
Velocity of electrons, 76 
light waves, 9, 228, 233 
Volt, 244 
Voltage line, 212 
Volume currents, 101 
density of charge, 16 

Waves, 6, 9, 228-230, 233 
Weber, 110, 246 
Weiss, 132 

Wheatstone Bridge, 85, 216 
Wilson cloud chamber, 131 
Wire, magnetic field of straight, 
100, 104, 107, 182 
Wireless waves, 228 
Work, see energy 

X-rays, 228 

Z (= Impedance), chap. XII 





